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ABSTRACT
The upper Albian to lower Cenomanian succession in northeastern British
Columbia was deposited in the proximal foredeep and is greatly vertically expanded
relative to the more eastern part of the basin. The study interval has a wedge-shaped
geometry, and is ~780 m thick in the west and thins dramatically to ~280 metres over a
distance of ~170 km. Rapid facies changes result in lithostratigraphic units being strongly
diachronous. In order to determine depositional history, the present study subdivided the
Upper Fort St. John Group into 16 genetically-related allomembers. The new
allostratigraphic correlations established in this thesis combined with previous studies,
permit the reconstruction of lateral facies changes from the western shoreline of the
Western Interior Seaway in the proximal foredeep to the forebulge in central Alberta,
over a distance of about 800 km. The Upper Viking, Westgate and Fish Scales
alloformations collectively span approximately 2.7 Myr. The stratal geometry of the
studied interval can be interpreted to be the result of two pulses of flexural subsidence
(recorded by units VD and WA, and units WD, FA and FB) separated by a period of
more subdued subsidence (units WB and FC). The stratigraphic surfaces in the studied
interval are of regional extent, and can be correlated for between 300-1000 km. Almost
all flooding surfaces can be traced throughout the study area (50 000 km2). The
sedimentological and stratigraphic evidence indicates that the proximal foredeep was
occupied by a shallow, low-gradient, storm-dominated ramp. The abundance of waveinfluenced structures (e.g. swaley and hummocky cross-stratification, wave and current
ripples) suggests strong wave-reworking of sediment on a shallow marine ramp. The
deposition on muddy portion of the shelf is interpreted to have been dependent on waveenhanced sediment gravity/geostrophic flows. Along-shelf transport was controlled by
geostrophic flows towards the southeast. At least 16 major sequences were detectable on
a regional scale; sequences have an average periodicity of 125-170 kyr. Facies
successions and regional stratal geometry suggest relative sea-level fluctuations were of
the order of 10-30 m which, on a time-scale of the order of 100 kyr, can only be
explained by a glacio-eustatic mechanism.
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CHAPTER 1 – INTRODUCTION

1.1 Problem and key objectives
The first problem addressed in this thesis is how to overcome the difficulty of
achieving a regional correlation of lithostratigraphic units in northeastern British
Columbia. At a basin scale, the relationship between the lithostratigraphic units of
northeastern British Columbia and those in Alberta has been difficult to establish since
the pioneer work of Wickenden and Shaw (1943) and Stott (1968). A lithostratigraphic
approach worked well for outcrop mapping purposes in British Columbia, but on a
regional scale the lithostratigraphic divisions cannot be extended far to the east because
of both facies diachroneity and lateral variability (Fig. 1.1). In an effort to address this
problem, new allostratigraphic correlations based on the correlation of mappable
bounding discontinuities, needs to be established. The allostratigraphic approach of Roca
et al. (2008) illustrated how bounding surfaces that approximate time lines cross different
lithostratigraphic units from the Canada - USA border to the Alberta - British Columbia
border (Fig. 1.2). Given the wide geographic applicability of the Roca et al. (2008)
scheme, this thesis will apply the same allostratigraphic scheme and extend the
correlations westward from Alberta to the proximal foredeep in British Columbia.
The second group of problems that this thesis will address are various issues in
shallow marine sedimentology, in particular the environment of deposition of muddominated sediment in relationship to the water depth and mud transport mechanisms.
The allostratigraphic approach will permit the mapping of facies and unit thicknesses as
`time slices`. The resulting `time slice` maps will permit reconstruction of
paleogeography and subsidence patterns.
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Figure 1.1 Summary fence diagram illustrating lithostratigraphic relationships for Late
Albian and early-mid Cenomanian rocks in western Alberta and adjacent British
Columbia (from Roca et al. 2008, for study area extent see Figure 1.3).
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Figure 1.2 Summary fence diagram illustrating allostratigraphic and facies relationships
within the Lower Colorado allogroup in western Alberta and adjacent British Columbia
(from Roca et al. 2008, for study area extent see Figure 1.3). Note that early-mid
Cenomanian rocks are not included in this diagram.
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1.2 Specific objectives of study
The upper Albian to lower Cenomanian succession in northeastern British
Columbia was deposited in the proximal foredeep and is greatly expanded relative to the
succession in the more eastern part of the basin. The entire succession is strongly
cyclical, providing evidence of repeated relative sea-level changes. These rocks are
penetrated by many thousands of boreholes that allow the construction of a 3-D
stratigraphic framework. This framework can be correlated with some excellent outcrops
along the Peace River and in the British Columbia Foothills. Therefore, the study area
provides a good natural laboratory in which to investigate autogenic and allogenic
controls on sedimentation in a foreland basin.
The project focuses on the uppermost portion of the Fort St. John Group in
northeastern British Columbia, which includes three lithologically defined units: the
muddy Hasler, sandy Goodrich and muddy Cruiser Formations (Fig. 3.1).
The base of the studied interval is marked by the surface VE3 (“VE” = `Viking
Erosion` surface), and the top is marked by the Fish Scales Upper Marker (FSU). The
succession includes the Base of Fish Scale Marker (BFSM), one of the most distinctive
radioactive signals in gamma ray logs in Alberta, Saskatchewan and northeastern British
Columbia.
The new correlations established in this thesis, and in Roca et al. (2008), permit
the reconstruction of lateral facies changes from the western shoreline in the proximal
foredeep to the forebulge in central Alberta, over a distance of about 800 km. The main
sedimentary packages and bounding erosion surfaces defined by Roca et al. (2008) in the
uppermost Viking, Westgate and Fish Scales alloformations in Alberta, can be traced
northward and westward, in which direction the alloformations greatly thicken and
become more sand-rich.
Few publications have described the sedimentology of the Hasler, Goodrich and
Cruiser formations in northeastern British Columbia, and the lateral relationship of these
formations with the mud-dominated Shaftesbury Formation in northwest Alberta has not
been well-explained. Much of the previous work was restricted to small areas and mainly
focused on biostratigraphy (e.g., Stelck et al. 1958; Warren and Stelck 1969; Stelck and
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Koke 1987; Stelck 1991; Schröder-Adams and Pedersen 2003; Jowett et al. 2007). There
is therefore a need for an integrated regional sedimentological and stratigraphic study.

1.3 Specific aims to be addressed in this thesis
Specific aims of this thesis:
1 Extend the regional allostratigraphic correlations of the uppermost Viking (VD),
Westgate and Fish Scales alloformations westward from the study areas of
Zhang (2006) and Roca (2007) in order to create a regional allostratigraphic
framework of the studied interval in northeastern British Columbia between
township 62 and 90 (Chapter 7);
2 Develop a facies scheme for the studied rocks (Chapters 5 and 6);
3 Study mud sedimentology, including patterns and mechanisms of mud dispersal
across the proximal foredeep of the foreland basin (Chapter 5)
4 Map lateral changes in rock type in order to make a more comprehensive analysis
of paleogeography and depositional history, and to relate these changes to
variations in the rate of basin subsidence, sediment supply, and sea-level change
(Chapter 9);
5 Create a series of isopach maps to illustrate the thickness of allostratigraphic
units, from which patterns of subsidence can be determined (Chapters 8 and 9);
6 Attempt to distinguish relative sea level change due to tectonic affects from those
that might be due to eustatic change (Chapter 9);
7 Determine the external controls on deposition of the highly radioactive Base of
Fish Scale Marker;
8 Produce a detailed paleogeographic reconstruction of the Goodrich ‘delta’, by
mapping several time slices to show the evolution of successive delta complexes
(Chapter 9);
9 Integrate lithological, petrological and paleocurrent data from outcrop with the
allostratigraphic framework to determine the provenance, transport direction and
transport mechanisms of sediment (Chapter 9);
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1.4 Previous Work
Roca et al. (2008) showed how it was possible to overcome the problem of longdistance correlation of lithostratigraphic units by applying a strictly allostratigraphic
approach, building on the terminology established by Boreen and Walker (1991) for the
Viking Formation.
The complex lateral variability of lithostratigraphic units (Fig. 1.1) was illustrated
by Roca et al. (2008), who also showed (Fig. 1.2) how an allostratigraphic approach
could clarify temporal relationships between very different sedimentary facies. To the
north of the present study area, lithostratigraphy and biostratigraphy have been combined
with regional well log cross sections to show the relationships of the main transgressiveregressive cycles in the Albian succession (e.g. Schröder-Adams and Pedersen 2003;
Jowett et al. 2007; for detail discussion see Chapter 3).
The previous allostratigraphic studies of the Viking, Westgate and Fish Scales
alloformations include studies by Zhang (2006) in northwest Alberta between township
71 and 84, and by Roca (2007) in the Central Foothills and adjacent Plains of Alberta
between township 71 and 30. In addition, the upper part of the Viking alloformation
(allomember VD) in British Columbia was correlated by Rylaarsdam (2006) and Buckley
(2011). The collective results of these studies, with the exception of Buckley (2011),
were summarized in Roca et al. (2008).
The present study also shows how the lithostratigraphic terminology, established
by Schröder-Adams and Pedersen (2003) in the Liard Basin of northern British
Columbia, can be correlated with the allostratigraphic terminology of Roca et al. (2008).
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Figure 1.3 The geographic extent of the study area (red) and adjacent allostratigraphic
studies by Roca (2007) and Zhang (2006);(yellow), and studies of Sisulak summarized by
Roca et al. 2008);(orange).
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1.5 Study Area and Database
The study area is a triangle that extends from the Rocky Mountains Foothills in
the west to the Alberta – British Columbia border in the east, the latter forming the
western limit of the studies of Zhang (2006) and Roca (2007) on the Viking, Westgate
and Fish Scales alloformations. The northern limit of the study area is township 90 and
the southern extent is Mount Belcourt in township 62 (Fig. 1.4).
Ten outcrop sections from the British Columbia Foothills and thirteen sections
exposed along the Peace River and in tributary valleys were studied. These sections have
a cumulative thickness of 4090 metres.
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Figure 1.4 Map of study area. Outcrop locations are keyed to a map in Fig. 7.2.
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1.6 Methods
Gamma ray and/or resistivity logs from 435 wells were used to construct a grid of
20 cross sections with a line spacing of ~20 km to build an allostratigraphic correlation
grid over an area of about 50,000 km2. The thickness of allostratigraphic units was used
to construct isopach maps which were made using Surfer 8 (Golden Software®, version
8, 2002). Within the cross section grid, markers were traced across the sedimentary basin
and from subsurface into outcrop to calibrate log data with rock facies (Chapter 5 and 6).
In addition to paleogeographical maps, radioactive mudstone and sandstone were
mapped (Chapter 8). For construction of these maps the thickness of the hot spike (API
>150 on gamma ray log) was plotted. For sandstone isolith maps two sets of maps were
created: 1) for muddy sandstone which were distinguished based on an API range of < 90
and > 75 API, and 2) for clean sandstones with < 75 API.
Twenty three outcrop sections totaling 4090 m were investigated over four field
seasons, in order to calibrate well log data with facies and sedimentary structures. The
mudstone will be analyzed in particular detail to determine the micro-structure of the
sediment, from which is should be possible to identify mud transport process and
reconstruct depositional environment.
Because regional allostratigraphic correlations in this project are based on gamma
ray and/or resistivity logs, it is important to understand how gamma ray and resistivity
tools measure rock and fluid properties. Therefore, a brief description of techniques,
limitations, and interpretation of measurement is given below.
Resistivity logs are one of the standard well logging measurements. The induction
resistivity logging method, which accounts for essentially all of the resistivity data used
in this study, measures formation conductivity by means of alternating magnetic fields to
induce current loops in the formation. The secondary magnetic field generated in
response to the formation current is detected by receiver coils in the logging tool. The
received signal is proportional to formation conductivity (C), measured in
millisiemens/metre (mS/m) (Ellis and Singer 2008). Conductivity is converted to
resistivity (R), measured in ohm-metres, using the following relationship:
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R = 1000/C

(1)

In general, siliclastic rocks are insulators, and electrolytic conduction is possible
only because of the presence of dissolved salt in pore water (Ellis and Singer 2008).
Therefore, porous sandstone with pores filled with conductive salt water will have low
resistivity. Theoretically, a mudstone which is not porous should have high resistivity.
However, the reality is not that simple. This is because many mudstones (e.g. the
mudstone in this project), in fact, have high bound water saturation (including conductive
brine) that acts as a conductive phase. In “clean” sandstone the relationship between the
resistivity and the porosity is described by:
R0 = FRw

(2)

where: R0 = is the resistivity of sand with the formation 100 percent filled with brine, RW
= resistivity of the pore fluid (brine), and F = formation resistivity factor (Archie 1942).
This relation occurs in a clay-free formation, where the formation factor is relatively
closely related to the porosity of a rock. However, the presence of clay in the formation
increases conductivity, and this is why mudstone has a lower resistivity signature than
adjacent sand beds. Because the resistivity in the presence of clay is higher, several
equations to account for the affect of clay were developed (Krygowski 2003). Further
studies demonstrated that formation factor is also affected by the shape of particles in the
formation (e.g. Atkins et al. 1961, Jackson et al. 1978) which adds further complication.
The analysis of clays in logs is particularly difficult because of high hydrogen content of
bound water, which modifies the theoretical resistivity log response. This is due to the
hydrogen which is present within a clay molecule, water adsorbed (or “bound”) on the
clay particle surface, and water enclosed between clay platelets. Therefore, mudstone
shows an increase in conductivity due to the presence of conductive brine that is bound to
the clay surface. The concept of immobile bound water is a central foundational concept
of mudstone petrophysics. The additional complication is because the water content in
clays varies and is controlled by the arrangement of clay flakes and rock compaction.
Some of these micropores may also contain hydrocarbons or gases which also can modify
the log response (Sierra 1994). The formation resistivity may be accentuated when pores
are filled with hydrocarbon fluids, which are extremely resistant to electric current.
Therefore, porous sandstone with high hydrocarbon saturation will have high resistivity
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values. It is also important to note that carbonate cement in pores will have the same
effect on resistivity, because the carbonate acts as an insulator, and therefore the
resistivity of carbonate-cemented sands is very high.
For all these reasons, in this project used resistivity logs as a proxy to determine
contrasting lithologies (e.g. a flooding surface) rather than to find the petrophysical
properties of the formation. In most cases detection of a flooding surface (e.g. sandstone
sharply overlain by mudstone) is possible because many of sandstone have a low porosity
due to carbonate cements (which acts as an insulator), which is expressed in an upward
decrease in resistivity. The exception occurs if the mudstones are carbonaceous, in which
case the disseminated kerogen acts as an insulator, driving the resistivity upward.
During the drilling operation, drilling fluids (drilling mud filtrate) invade
formation pores adjacent to the borehole. The mud filtrate is typically moderately
conductive. As a result, the resistivity is commonly different in the invaded zone and
non-invaded zone. The difference of resistivity between these two zones can be used to
determine what kind of fluid is present in the formation, which is particularly important
in searching for hydrocarbons. Various resistivity tools are used in boreholes. Based on
the distance from the borehole, three resistivity logs can be differentiated: 1) “shallow”,
spherically focussed log (SFL), 2) medium induction log (ILM), and 3) deep induction
log (ILD). The SFL readings are the shallowest and therefore record the resistivity of the
formation mostly invaded by mud filtrate. In this project the SFL logs were used in
regional correlations.
The Gamma ray log measures natural, spontaneous radioactivity of long-living
radioisotopes which produce significant gamma ray emissions upon decay. There are
three main isotopes that fulfil these criteria and are relatively abundant in rocks:
Potassium 40K, Thorium 232Th and Uranium 238U. Potassium, which is relatively abundant
and in sedimentary rock, is mostly present in potassium-rich feldspars and micas. During
the weathering processes, potassium may be liberated and potassium ions may be
adsorbed onto negatively charged clay platelets; in average, clay minerals contain 2.7 %
of potassium (Sierra 1994). Uranium is sourced from the weathering of acid igneous
rocks, and is highly soluble as an oxide in solution (Sierra 1994). In the marine
environment, most of the uranium will only precipitate and accumulate in sediments in
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the presence of organic matter, adsorbed onto clay minerals, which acts as a strong
reductant. Uranium is also absorbed by phosphate especially in bones of fish and also in
plant leaves. Thorium originates from the weathering of various igneous rocks. Unlike
uranium, thorium is relatively insoluble and is mostly present in thorium-bearing
minerals. Only a small amount passes into solution and can be adsorbed onto clay
platelets.
The conventional gamma ray log records the total gamma ray emission by three
principal isotopes:

40

K,

232

Th and

238

U. In well logs, gamma ray are measured in

standardized API units. 200 API units are defined as the difference between a radioactive
cement and non-radioactive cement sections stored at the University of Houston. Gamma
ray logs are one of the basic tools used to distinguish between sandstone and shale
formations. Clean (i.e.: low clay volume) sandstone has very low potassium, thorium and
uranium content, and consequently low radioactivity. Arkosic sandstone with a high
percentage of potassium in feldspars can also exhibit high gamma ray readings, but these
are not present in the studied rocks. Because radioactive isotopes are concentrated in
clays, shales (mudstone) have typically high radioactivity. For that reason, an abrupt
upward increase in the gamma ray log provides a good tool to interpret the facies shift
across flooding surfaces that were used for allostratigraphic correlations.
In order to improve the link between facies and gamma ray logs, gamma ray
measurements were made in mudstone-dominated outcrop sections. A handheld
Exploranium® (GR-130 miniSpec) gamma ray spectrometer was used to measure total
radioactivity, and potassium, thorium and uranium content (variously recorded as cpm
and ppm), readings were taken every meter or every 50 cm. Each measurement gives
average reading for rock face of about 10 cm2. In order to measure the same rock volume
each time the perpendicular orientation between the sensor and the rock face was
maintained.
One of the limitations of well log data is vertical resolution. Vertical resolution of
resistivity (the SFL measurement) and the standard gamma ray log is relatively poor;
these tools are unable to resolve bed boundaries below the bed thicknesses of about 60 90 cm (2 – 3 ft., e.g. Sierra 1994). In some cases, the gamma and resistivity tools can
detect thinner beds that have anomalously extreme (high or low) values. Also, both
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gamma ray and resistivity log curves are recorded as a moving average reading, as the
measurement is taken by a logging tool which constantly takes readings, while the tool is
moving up from the bottom of the borehole. In contrast, the handheld gamma ray
spectrometer readings from outcrop were taken every 50 or 100 cm and the
measurements are restricted to a point (rock face of about 10 cm2). Despite the difference
in the measurement technique, gamma ray curves from outcrop and the nearest borehole
show strong correlation (see Fig. 7.11: compare the outcrop gamma ray readings from the
Quintette Mine section and the c-20-C/93-P-2 well), and therefore provide an excellent
technique to link the outcrop and well log data.
In order to study mudstone microstructures both broken and polished sections
were examined with Secondary-Electron Images (SEM) and Backscattered-Electron
Images (BSE) with the Hitachi SU6600 VP-FEG scanning electron microscope at 15 kV
and a working distance of 7.9 – 10 mm. The microscope is located in the Zircon and
Accessory Phase Laboratory (ZAPLab) at the University of Western Ontario. The
secondary electron mode (SEM) was used to determine the specimen topography (e.g. to
distinguished particle sizes and diagenetic minerals) and micro lamination. The
backscatter mode (BSE) was used to examine the domains within the grains due to
chemical composition similarities, in particular alternating laminae in clay minerals.
Elemental identification of individual clay platelets and mineral grains was conducted by
X-ray energy-dispersive spectroscopy (EDS). The analysis was conducted using an
Oxford Instruments X-Max 80 mm2 silicon drift detector; obtained data were processed
with INCA Energy software.
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1.7 Overall significance of this study
The abundance of mudstone in the uppermost Viking, Westgate and Fish Scales
alloformations provide a natural laboratory in which to study patterns and mechanisms of
mud dispersal on an ancient marine shelf - a topic of intense current interest and debate
(e.g. Varban and Plint 2008b; Schieber and Southard 2009; Plint et al. 2009; Macquaker
et al. 2010a; MacKay and Dalrymple 2011; Ghadeer and Macquaker 2011). Since shale
gas from organic rich sediments has become an increasingly significant resource over the
past decade it is important to understand how mud-rich facies are distributed across a
shallow-marine low-gradient shelf (e.g. Tyagi et al. 2007; Varban and Plint 2008b; Plint
et al. 2012). This study offers an excellent example of an extremely thick succession of
mud-rich facies deposited in proximal foredeep. Investigations will attempt to recognize:
1) mud transport processes, 2) origin of depositional cyclicity, 3) influence of tectonic
activity, and 4) correlations to pelagic successions in other parts of the world.
The expanded clastic successions of the uppermost Viking, Westgate and Fish
Scales alloformations have provided a basis for developing a carbon-isotope stratigraphy
(in collaboration with D. Gröcke, University of Durham), and bentonite geochronology
(collaboration with S. Kamo, University of Toronto, and B. Singer, University of
Wisconsin). It is hoped that the carbon-isotope stratigraphy will allow high-resolution
correlation with coeval successions in Europe (e.g. Jarvis et al. 2006, 2011; Gale et al.
2011) to investigate the possibility of orbital forcing on both sea-level change and
oceanic productivity.
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CHAPTER 2 – SEQUENCES AND ALLOSTRATIGRAPHY IN A FORELAND
BASIN

2.1 Introduction
This chapter will discuss the tectonic and eustatic controls on deposition in a
foreland basin. The first part introduces the definition of the foreland basin system
followed by stratal geometry and accumulation patterns. The second part summarizes
thrusting mechanisms, tectonic control on foreland basin geometry, and the influence of
basement structures and sea level changes on depositional processes. The application of
sequence stratigraphy and allostratigraphy in foreland basin settings will be discussed
next. Last, the history of the evolution and paleogeography of the Western Canada
Foreland Basin will be briefly described, with additional detail on transgressiveregressive cycles in the Albian and Cenomanian.

2.2 Foreland Basin systems
Globally, there are two main settings where the lithosphere flexes on a large scale:
in an oceanic trench, and in a foreland basin. Although trenches create large sedimentary
basins, they are very rarely preserved in the rock record. The second setting of large-scale
lithospheric flexure is a foreland basin, formally defined by Dickinson (1974). Foreland
basins can be associated with three types of convergent margin: an ocean-ocean collision,
an ocean-continent collision, and a continent-continent collision. A foreland basin
develops adjacent and parallel to a mountain belt on a buoyant continental plate, and has
a higher preservation potential than an oceanic trench since it can not be subducted (Allen
et al. 1991).
There are two main classes of foreland basin: retroarc foreland basins situated on
continental lithosphere behind a volcanic arc, and which result from ocean-continent
collision; and peripheral foreland basins, situated on the downgoing plate against the
outer arc of the orogen and which are generated by continent-continent collision (Fig.
2.1). Both basin types result from shortening and thickening of continental crust that adds
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extra mass and hence causes isostatic subsidence of the overloaded plate. This deflection
normally extends for 300-500 kilometres away from the orogenic load and creates a basin
that can be filled with sediment. Subsidence results from both the static load of the
orogenic wedge and the sedimentary fill of the basin, and also from dynamic load.
Dynamic load is a result of drag associated with the subducting plate which creates
corner flow in the viscous asthenosphere (DeCelles and Giles 1996; Fig. 2.1B).
Development of a foreland basin begins with the convergence of two plates,
which causes crustal shortening and imbrication of thrust sheets of the brittle upper crust.
As a result, the upper crust thickens. The ductile lower crust under the elevated area is
depressed under the orogenic load (Fig. 2.1). Because the lithosphere has tensile strength,
the deformation extends for several hundred kilometres away from the deformation zone,
creating a wedge-shaped basin, and potential space for sediment accumulation. The width
of the foredeep zone in a foreland basin depends on the age and strength of the plate. The
width of the basin is half of the flexural wavelength of the lithosphere (Catuneanu 2004).
For an old, strong continental plate, the flexural wavelength can be relatively long, up to
500 kilometres (e.g. Rocky Mountains; Price 1994); in comparison, young and weak
continental lithosphere bends much more readily, with a flexural wavelength of only
about 100 kilometres (e.g. Alps; Watts 2001).
In addition to flexural subsidence due to the orogenic load, dynamic subsidence
can affect the degree of basin subsidence. The subduction of an oceanic plate under a
continental plate disturbs the circulation pattern within the asthenosphere. Asthenospheric
flow induced by the down-going plate produces a drag force on the overlying lithosphere.
As a result, the continental crust within a wide region above the subduction zone
subsides. This process is known as “dynamic subduction” (Burgess and Moresi 1999).
Every foreland basin has its own regional characteristics. The cross-sectional
geometry of the basin reflects the subduction angle and the degree of basement
involvement in crustal shortening. The sedimentary fill is controlled by rate of uplift of
the orogen, the erosion rate, tectonic subsidence, the topographic gradient of the basin,
the local climate, and sea-level changes (e.g. Garcia-Castellanos et al. 2003). These
variables can change over millions of years during the evolution of a basin.
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Figure 2.1 Schematic diagrams presenting the principal distribution of loads in A) a
peripheral foreland basin and B) in a retroarc foreland basin. Additional subsidence in a
peripheral foreland basin may be caused by vertical shear force (V) created by the
subsiding slab, and the bending motion (M) on the end of the slab (from DeCelles and
Giles 1996).
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2.3. Geometry and accumulation patterns in a foreland basin
In a retroarc foreland basin, four depositional zones can be recognized: wedgetop, foredeep, forebulge, and back-bulge (DeCelles and Giles 1996; Fig. 2.2). On top of
the accretionary wedge, sedimentary basins can develop. These wedge-top or piggyback
basins comprise relatively small sedimentary basins between thrust sheets. Sediments that
accumulate in this depozone are typically alluvial-dominated, and are often involved in
syn-depositional thrust deformation and erosion during exhumation of the orogenic
wedge.
A foredeep depozone is typically asymmetrical, extending cratonward from the
main thrust-belt, with maximum subsidence occurring closest to the thrust-belt (Figs. 2.1
and 2.2). The foredeep is the main repository for sediments. Given that the foredeep is
adjacent to an elevated area, sediments are dominantly sourced from the orogenic belt.
However, in the early stage of foredeep development, a significant volume of sediment
can be delivered from the opposite (forebulge) side of the basin. A typical lateral
succession of depositional environments in a marine-dominated foredeep consists of a
coastal plain near the thrust-belt, followed by near shore sediments and offshore facies
grading to more distal shelf deposits. The detritus derived from a sole thrust can be
overridden by the same source rock through propagation of successive thrusts towards the
foreland (Jordan 1995). The foredeep accumulates mostly shallow marine and fluvial
sediments, and less commonly deep-marine sediments, which are usually deposited
during the early stage of basin development (Jordan 1995; Fig. 2.3).
Flexural subsidence due to the orogenic load produces a zone of flexural uplift
away from the orogen. The elevated region is referred to as the peripheral (flexural)
forebulge depozone (Figs. 2.1 and 2.2). This feature can be a zone of erosion if it
emerges above sea level, or a zone of accumulation if it is submerged (i.e. during global
high stand of sea level; Jordan 1995).
The most distal part of a retroarc foreland basin system is the back-bulge
depozone, which is situated behind the forebulge (Figs. 2.1 and 2.2). Subsidence of the
back-bulge zone is mainly due to dynamic subsidence which extends up to 1,500
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kilometres from the orogenic belt. Typically, the back-bulge is a broad, shallow basin and
is characterized by continental or shallow marine sediments (DeCelles and Giles 1996).
In general, a foreland basin can be characterized by three main depositional states:
underfilled, filled, and overfilled (Allen et al. 1991; Fig. 2.3). In the underfilled state
subsidence rate exceeds the rate of sediment supply which often leads to marine
transgression in the foredeep zone and a foredeep filled with water. Conversely, in the
overfilled state, sediment supply exceeds subsidence, causing marine regression in the
foredeep and potentially a change to subaerial alluvial sedimentation. The filled state
develops when subsidence is balanced by sediment supply.
In a retroarc setting in particular, shifts in depozones in response to climate
change (e.g. high sediment supply in a tropical climate versus low sediment supply in an
arid climate), local variation in sediment supply and sea level fluctuations result in
complex facies architecture. Therefore, at a time of sea level fall coarse-grained sediment
(reservoir rock) can prograde basinward and cover finer-grained and more offshore
deposits (source rock) and vice versa (e.g. during transgression). Furthermore, rapid
subsidence in an active foredeep results in an increase in temperature and pressure to the
level at which hydrocarbons may be formed. The inter-stratification of mudstone and
sandstone successions may provide the alternation of source and reservoir rocks, which
can form a stratigraphic trap for oil and natural gas. Additionally, reverse faulting
particularly in the most proximal parts of a foreland basin may result in development of
structural traps. Due to their economic importance, foreland basin systems have been the
subject of intense research.
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Figure 2.2 A typical foreland basin with four distinctive depositions zones (wedge-top,
foredeep, forebulge, and back-bulge depozones);(from DeCelles and Giles 1996).
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Figure 2.3 Evolution of a foreland basin fill: A) underfilled stage (continental), and B)
overfilled stage (Jordan 1995).

23
2.4 Accretionary wedges
The geometry of accretionary wedges can be explained by critical Coulomb
wedge models (e.g. Dahlen 1984, 1990). The orogenic thrust-belt forms a wedge of
deformed rock that thins in the direction of thrust propagation. The mechanism that
controls the geometry of the wedge can be explained by critical taper theory. DeCelles
and Mitra (1995) illustrated the three stages in the evolution of a critically tapered
orogenic wedge. At the beginning of the cycle (Fig. 2.4 - Step 1) the advancing wedge is
imbricating forward along internal décollement surfaces, leading to thickening until it
reaches a supercritical state. According to critical taper theory, deformation will take
place along the thrust plane that has the least work to do. For that reason, when the load
of the wedge is too great for the thrust beneath the orogen to remain active (because
friction and gravity are too great) a new thrust is activated in front of the supercritical
wedge. Over time the wedge builds up and steepens. However, if at some point the rate of
erosion exceeds the rate of uplift of the wedge, the topography will be flattened, and the
mass will be reduced (Fig. 2.4 - Step 3A). In this case some old faults may be reactivated
because gravitational resistance to thrust uplift has been reduced (Fig. 2.4 – Step 3B). As
a result, the wedge will start to imbricate internally again until it will reach a supercritical
state (Fig. 2.4 – State 1).
Development of critical taper may have a significant affect on sedimentation in a
foreland basin. Plint et al. (2012) interpret that the change from a thickening and
advancing (supercritical) thrust wedge to a degrading (sub-critical) wedge is recorded by
a change from high- to low-accommodation rate in a foreland basin, indicated by a
change from wedge to sheet geometry in the sediments of the foredeep. Furthermore, outof-sequence thrusting, which shifts the load away from the foredeep might be recorded by
a rapid shift of the onlap limit of marine mudstone towards the orogen by as much as 100
km (Varban and Plint 2008b).
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Figure 2.4 Three-part cycle of orogenic wedge behaviour in terms of critical taper
theory, for details see text (Modified from DeCelles and Mitra 1995).
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2.5 Tectonic control on the geometry of a foreland basin fill
The four depozones of a foreland basin are not fixed in position, but migrate
cratonward as thrust sheets advance. This can be illustrated by the eastward movement of
depozones across the Western Interior since the Late Jurassic (Price 1994; Fig.2.5). As
the result of eastward migration of the orogenic belt, the former back-bulge depozone can
evolve into the foredeep depozone (DeCelles and Horton 2003).
Subduction of oceanic crust beneath the continental lithosphere of North America
took place at variable angles. For that reason, parts of the Western Interior foreland basin
of North America have different geometry along-strike. The classic Sevier-style and
Laramide-style models of subduction (Cross and Pilger 1978) can be used to illustrate the
different structural architecture of foreland basins. Steep subduction (Sevier-style)
produces a narrow and strongly asymmetric basin, such as the Western Canada Foreland
Basin. Flat subduction (Laramide-style) as illustrated in the Rocky Mountains of the USA
can change local stress regime and cause local segmentation of the foreland basin by
basement-involved uplifts (DeCelles 2004).
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Figure 2.5 Evolution of the of the Rocky Mountain Fold and Thrust belt, note lateral
shortening of strata and eastward migration of depozones (from Price 1994).
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2.6 Eustatic and relative sea level changes
Relative sea level change may be triggered by different processes, which can
overlap in time. Eustatic sea level change refers to sea level oscillation on a global scale.
This may be caused by changes in the volume of ocean-floor ridges. At times of faster
sea-floor spreading, oceanic ridges are relatively young, hot, buoyant and therefore
elevated, and as a result, sea water is displaced onto continental margins. These “tectonoeustatic” changes are interpreted to take place over tens to hundreds of millions years
(Miall 1997). Major sea level changes (“glacio-eustatic”) also occur when a large
continental ice sheet develops. At the time of glaciation, a significant volume of water is
stored on land in the form of ice and, as a result, sea level drops. This process is well
documented for the Pleistocene, with major oscillations on a time scale of ~100,000 years
(e.g. Miall 1997) and with vertical changes on the order of 120 m (e.g. Fairbanks 1989).
It is important to note that smaller-scale glaciations can also cause sea level drop, but on
a correspondingly smaller scale. In addition to the mechanisms described above, Revelle
(1990) inferred that minor eustatic sea level changes (up to 10 m) may occur due to ocean
volume increase or decrease caused by changes in the average ocean water temperature.
This process was interpreted to operate quickly on a time scale of 10s to 10,000s years.
Reconstruction of ‘global’ sea level from the geological record is very difficult.
The main problem is the absence of a fixed reference point for sea level. Additionally,
most sedimentary basins are strongly influenced by tectonic processes which locally
overprint global sea level oscillations. Therefore, especially in a small scale studies, it is
often impossible to unequivocally distinguish global sea level change from that driven by
tectonism. For that reason, the term relative sea level change was introduced
(Posamentier and Vail 1988). Relative sea level changes involve both tectonic and/or
eustatic sea level oscillations. Tectonics may have a strong affect on local sea level
changes. Such an affect is commonly observed in a shallow marine environment in a
rapidly-subsiding foreland basin, as will be discussed in Chapter 7. Relative sea level
change, controlled by subsidence and eustasy, determines whether sediment accumulates
or is eroded. As a basin is subsiding or sea level is rising, accommodation is added and
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can be filled with sediment. In contrast, tectonic uplift or eustatic fall removes
accommodation and may cause erosion of previously deposited strata.

2.7 Orders and causes of sea-level cyclicity
For the purpose of this thesis, it is important to differentiate both duration and
causes of eustatic sea-level changes. Vail et al. (1977), and subsequently Haq et al.
(1987) defined 5 orders of eustatic cycle based on the duration of sea-level cycles. This
sea-level curve became known as the ‘Exxon global cycle chart’. Although the Exxon
chart is no longer widely accepted, depositional cyclicity in sedimentary basins is often
referred to the original Vail et al. (1977) cycles. First-order cycles (200-400 Ma) are
caused by break-up of supercontinents when young, relatively hot and buoyant ocean
crust tends to displace ocean water, resulting in marine transgression of continental
margins. Second-order sea-level cycles (10-100 Ma) may be related to changes in the
volume of oceanic ridges linked to spreading rate. At times of faster seafloor spreading,
relatively warm oceanic crust forms wider oceanic ridges that displace water onto
continental margins. Conversely, when spreading is slower, the volume of oceanic ridges
decreases, causing regression on continental margins. Third-order cycles are 1 to 10 Ma
in duration, although they are typically shorter than 3 Myr. There is strong evidence
(Miall 2010) that the origin of these 3rd order cycles cannot be explained by any globalscale geological process and therefore, the third-order cycles should be excluded from the
scheme. Fourth- (500 – 200 ka) and fifth- (200 - 10 ka) order cycles are interpreted to
result from short term climate changes driven by Milankovitch orbital cycles. The
Milankovitch hypothesis (Milankovitch 1930) describes how the amount of solar
radiation reaching Earth changes due to variations of the precession of the Earth’s orbit
(23 ka), tilt of the Earth’s axis (41 ka) and the eccentricity of the orbit (100-400 ka). The
interactions of these cycles are known to have been key controls on the alternation of
glacial and interglacial periods (Cuffey and Paterson 2010). The Quaternary period is a
good example of a geologic time interval during which orbitally-driven climatic
fluctuations produced by glacio-eustatic sea level changes of the order of 100 m on a time
scale of 100 ka. There is also general consensus that most of the stratigraphic record of
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the Neogene in both carbonates and clastic rocks contains 104–105-year cycles (fourthand fifth- order) which have a glacioeustatic origin due to climate oscillations caused by
Milankovitch cycles (Miall 2010). In contrast, there is controversy regarding the origin of
higher-frequency (<<1 Ma) cycles in older strata, especially for periods in which there is
no record of large continental glaciation (e.g. pre-Oligocene record; e.g. Jacobs and
Sahagian 1993; Miller et al. 2005). The Cretaceous, long interpreted as a greenhouse
period, presents particular problems (Miller et al. 2003).
The Cretaceous rock record from the Western Interior of North America is
strongly cyclical, and because it was deposited in a tectonically active basin, it is possible
that tectonism was the cause of higher-frequency depositional cyclicity (e.g. tectonic
forcing of stratigraphic architecture in the deposition of the Ferron Sandstone: Fielding
2011). Climatic forcing of higher frequency cyclicity was also proposed for some highfrequency (~100 ka) depositional sequences in the Coniacian strata that were interpreted
as evidence of glacioeustatic influence (e.g. Plint 1991) linked to waxing and waning of
small ice caps on Antarctica. Similar, Milankovitch-scale sequences (approximately 100
ka) were described by Zhu et al. (2012), who claim up to 50 m of relative sea level
change in for the Turonian. However, in the Cenomanian strata Vakarelov et al. (2006)
interpreted that high frequency and amplitude transgressive-regressive cycles of
Wyoming were more likely to be the result of tectonic forcing.
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Figure 2.6 Model explaining the different response of rivers and faults to subsidence: A)
little or no subsidence has “unlocked” faults at the time of subsidence of forebulge,
causing river systems to adopt a rectilinear drainage pattern; and B) period of increased
subsidence has “locked” faults at the time of uplift of forebulge, changing river drainage
to dendritic (from Plint and Wadsworth 2006).
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2.8 Basement influence on subsidence in a foreland basin
The Precambrian basement of the Western Canada Foreland Basin consists of a
mosaic of terranes. Weak zones at terrane boundaries may have acted as weak zones in
response to loading (Waschbusch and Royden 1992). For that reason, the heterogeneities
in the Precambrian basement may have an important influence on flexure patterns in a
foreland basin. Studies of the Mesozoic stratigraphy of the Western Canadian Foreland
Basin illustrated that some Precambrian suture zones might at times have acted as hinge
zones, localizing subsidence, and thus influencing facies distribution (Plint et al. 2012).
Offset on faults cutting pre-existing strata may also influence patterns of sediment
deposition, and also paleodrainage systems. It was hypothesised by Plint and Wadsworth
(2006) that the Cretaceous Dunvegan Formation river systems adopted a rectilinear
drainage pattern at a time of low subsidence but changed to dendritic at a time of faster
subsidence due to ‘unlocking’ and ‘locking’ of faults cutting the underlying Paleozoic
rocks (Fig. 2.6).

2.8.1 The Peace River Arch
The Peace River Arch (PRA) is one of the most important tectonic structures in
the study area. The PRA is a zone of regional uplift that trends from southwest to
northeast (Fig. 2.7 A). It extends from 54° to 58° N latitude and from 114° W to either
the British Columbia/Alberta boundary (120° W), or to outcrop in British Columbia
(~122° W). The Precambrian rocks within the Peace River Arch are uplifted about 1000
metres above the average basement level (Cant 1988). The PRA has a very long record of
tectonic activity starting in the Upper Proterozoic. The PRA history can be divided into
three main stages (O'Connell 1994). In the first stage (Precambrian – Early
Carboniferous) the PRA was a topographic high which was a source of clastic sediment
to adjacent sedimentary basins. From the Middle Cambrian until the Upper Devonian the
PRA collapsed and created a large embayment, known as the Peace River Embayment
(PRE) which accumulated thick successions of the Banff Formation and the Rundle
Group (Douglas 1970). In the second stage (Early Carboniferous to Jurassic) from the
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middle Mississippian, the central part of the PRA was transformed by the development of
a series of grabens, collectively termed the Dawson Creek Graben Complex (DCGC) by
Barclay et al. (1990). In the third stage (Jurassic and Cretaceous-) the PRA become
incorporated into the foreland basin, and underwent regional loading and subsidence. At
this time some structures were probably rejuvenated (Cant 1988), which is recorded in
differential subsidence patterns of some strata. It was interpreted that major differential
subsidence in the Middle-Late Albian, visible as significant thickening of strata on
isopach maps, was possibly due to loading of the end of the arch by thrust sheets (Plint et
al. 2012). Evidence of minor Late Cretaceous syn-tectonic activity over the PRA is
illustrated by syn-depositional thinning of the Cardium Formation on the southern margin
of the structure (Hart and Plint 1990) and development of iron-rich facies in the Bad
Heart Formation over the crest and flanks of the PRA (Donaldson et al. 1999). Additional
indications of the PRA activity were given by Chen and Bergman (1999), who proposed
that the reorientation of upper Dunvegan and Doe Creek formations stratal trends was
controlled by the PRA uplift.
Recent work by Mei (2007, 2009a, 2009b), showed minor offset of the Base Fish
Scale Marker (using standard industry formation picks) on residual maps (Fig. 2.8).
These small-scale fault offsets mark syn-depositional reactivation of Phanerozoic
lineaments in the Peace River Arch area in western Alberta.
The origin of the PRA remains enigmatic, although many theories have been
suggested. Early interpretations linked localized potassium enrichment in the crust to
isostatic uplift (Burwash et al. 1973), or plate drift over a mantle hotspot (Stelck et al.
1978). Cant (1988) linked the uplift of the arch to an incipient rift phase. O’Connell et al.
(1990) interpreted arching to be related to continental extension of an oceanic fracture
zone. The first successful modeling of the PRA was accomplished by Welford et al.
(2007), who found that the location of the PRA might be explained by dolerite sills
(called the Winagami Reflection Sequence at 11-16 km depth; Fig. 2.7B), which acted as
zones of initiation of arch formation on a craton affected by weak intraplate
compensation.
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A)

B)

Figure 2.7 A) Map of Alberta showing the areal extent and topography of the Peace
River Arch (PRA), the Winagami Reflection Sequence (WRS), and the position of
seismic profiles 12 and 13; B) Multichannel seismic reflection from seismic profiles 12
and 13 over the Peace River Arch (PRA) showing inferred midcrustal igneous sheet
intrusions indicated by arrows (Modified from Welford et al. 2006).
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Figure 2.8 Residual map for the Basal Fish Scale Zone (BFSZ). Map is identifying
structures that were syn-depositionally active – uplifted areas are in warm colours (red
and orange), areas with negative offset are in shades of blue, not active areas are
indicated in green. Major faults are indicated by numbers: 1, Bear Canyon; 2, Josephine
Creek; 3, Farmington; 4, Gordondale; 7, George; 8, Belloy (Dunvegan); 9, Fairview; 10,
Whitemud; 11, Bluesky; 12, Berwyn; 13, Normandville (Tangent); 14, Hines Creek; 16,
Teepee; 18, Pouce Coupe; 19, Smoky River; 20, Beatton Creek; 21, Blueberry (From Mei
2007).
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A)

B)

Figure 2.9 A) The areal extent of the Dawson Creek Graben Complex (DCGC) and
depositional limits of Carboniferous, Permian and Triassic successions; B) Sketch of
Carboniferous-Permian successions as syn-depositional fill of developing graben
complex (from O'Connell 1994: based on Barclay et al. 1990).
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2.8.2 The Dawson Creek Graben Complex
The Dawson Creek Graben Complex (DCGC) has the same location and trend as
the Peace River Arch (Fig. 2.9). The DCGC comprises three main tectonic elements: 1)
the Fort St. John Graben (FSJG) that is the main element of the complex (Fig 2.9 A), 2)
the Hudson Hope Low which is a prominent structural low in the SW part of the FSJG,
and 3) three smaller “satellite” grabens in western Alberta: the Hines Creek, the
Whitelaw, and the Cindy. The development of the DCGC controlled deposition of thick
strata of the Early Carboniferous Stoddart Group (up to 800 m) and the Permian Belloy
Formation. After formation, the DCGC was reactivated several times together with the
PRA from the Triassic to the Cretaceous.
The origin of the DCGC is thought to be unrelated to the PRA (Barclay et al.
1990; O’Connell et al. 1990). Three main hypotheses have been proposed to explain how
the DCGC developed. These include: crustal extension coupled with strike-slip motion
(Barclay et al. 1990), faulting due to thermal uplift (Halbertsma 1990), or the
development of an initial rift (O’Connell et al. 1990). However, like the PRA, these
theories do not fully satisfy all aspects of the development of the structure.

2.9 Analysis of sequences and sequence stratigraphy
The purpose of sequence stratigraphy is to divide sedimentary deposits into time
related units bounded by unconformities and to explain how deposition of these units was
controlled by the interaction of accommodation and sediment supply (Catuneau 2006).
The basic objective of sequence stratigraphy is to determine how sedimentary
successions were built up (Christie-Blick and Driscoll 1995). The main use of sequence
stratigraphy is to provide a predictive framework for understanding the fill of a
sedimentary basin.
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2.9.1 Key terms in sequence stratigraphy

2.9.1.1 Depositional Systems
Depositional systems were defined by Fisher and McGowen (1967). In this
approach, rock units (lithofacies) were interpreted to represent an environment of
deposition which could be grouped into a variety of larger scale, regionally-developed
depositional systems which were process-related assemblages of facies (e.g. Fluvial
System, Delta System, Strandplain System etc., Fig. 2.10), deposited simultaneously, and
for that reason could be treated collectively. The concept of depositional systems was
developed further by Swift and Thorne (1991), who proposed that rocks within a
depositional system are related by a dispersal system defined as “an assemblage of flowlinked depositional environments”. This approach allowed different assemblages of
process-related facies to be viewed collectively as a three-dimensional “fossilised
dispersal system”.

2.9.1.2 Depositional Systems Tracts
A depositional systems tract was defined by Brown and Fisher (1977) as a set of
contemporaneous depositional systems (assemblages of facies) linked to the same sea
level. Consequently, in a depositional systems tract, lateral facies successions are
conformable, and can be related through Walter’s Law. A depositional systems tract is
bounded by flooding surfaces, which record a major change in basin paleogeography
caused by relative sea level rise. A depositional systems tract bounded by flooding
surfaces matches a facies-oriented definition of a parasequence as in the terminology of
sequence stratigraphy, a parasequence is defined as “a relatively conformable succession
of beds or bedsets bounded by (marine) flooding surfaces and their correlative surfaces”
(Van Wagoner et al. 1988).
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Figure 2.10 Idealized sand dispersal system in various depositional systems of Wilcox
Group, Texas (from Fisher and McGowen 1967).
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2.9.1.3 Depositional Sequences
A technique called Seismic Sequence Stratigraphy (Vail 1987) used seismic
stratigraphic interpretations to build stratigraphic models. Depositional sequences were
defined based on their geometries identified in seismic reflection profiles of rock
packages. The bounding surfaces were interpreted to approximate time lines, and were
originated from stratal surfaces and discontinuities. The basic unit in this approach was
the Depositional Sequence, which consisted of “a relatively conformable succession of
genetically related strata, bounded at its top and base by unconformities and their
correlative conformities” (Van Wagoner et al. 1988).
Smaller units within a depositional sequence were originally termed “Systems
Tracts” by Vail (1987). In fact, these units were not based on the facies of the rock (as in
the depositional systems tracts defined by Brown and Fisher 1977), but on the geometric
arrangements of reflectors within a sequence. Therefore, to avoid confusion Swift et al.
(1991) proposed the term Geometric Systems Tracts to describe the seismic approach of
Vail’s, in which “systems tracts” were defined primarily on unit geometries, and were
bounded by more complex surfaces than flooding surfaces (e.g. unconformities,
transgressive surfaces of maximum flooding surfaces). Although both terms, “systems
tract” and “depositional systems tract”, have different meanings they are often used
interchangeably.

2.9.2 Three systems tract model of sequence stratigraphy
The initial impetus for the development of sequence stratigraphy was progress in
seismic processing techniques and faster computers, the first results of which were
summarized in AAPG Memoir 26 (Vail et al. 1977). This publication started the most
recent revolution in sedimentary geology. The basics of this subdivision of stratigraphy
were the observation of large scale stratal lap-out patterns. For the first time, this allowed
sedimentary geologists to think about controls on sedimentation on a basin scale.
Sequence stratigraphy was an outgrowth of more detailed seismic profiles, linked to well
log and outcrop scale observation. This allowed more detailed analysis of depositional
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history. In early studies it was believed that the most important control on deposition was
eustasy – linked to the concept of the ‘global eustatic sea level curve’ of Haq et al.
(1987). Sequence stratigraphy was formalized with the publication of SEPM Special
Publication 42 in 1988, with key concepts presented in papers by Posamentier and Vail
(1988), Posamentier et al. (1988), Van Wagoner et al. (1988). These early works are
often collectively referred to as the Exxon Model. The Exxon sequence model originally
consisted of three systems tracts: the lowstand (LST), highstand (HST) and
transgressive systems tracts (TST). The initial enthusiasm, after the discovery of this
ground-breaking tool for stratigraphy was suppressed by criticism, much of which
focused on the correctness of the use of the ‘global sea level curve’. The main problem
and criticism of the Exxon model was the assumption that the primary control on
sequence architecture was eustatic sea-level change on a ‘true’ global scale (e.g. Vail et
al. 1977). The first sequence stratigraphy models were developed in passive margin
settings where tectonism and compactional subsidence were treated as a slow background
effect on which higher-rate eustatic changes were superimposed. However, it has been
demonstrated that other mechanisms may also play primary roles in sequence
development, in particular tectonism. Therefore, an important step toward improvement
of the sequence stratigraphic model was recognition that relative sea level changes (e.g.
Posamentier and Vail 1988, Section 2.6), incorporating both tectonic and eustatic change,
provided the most pragmatic basic for interpreting sequences.

2.9.3 Normal and forced regression
Another important advance in sequence stratigraphy was conception of normal
and forced regression defined by Plint (1991), that explained how shoreline progradation
is controlled by accommodation:supply ratio changes. A forced regression defines the
time when shoreline progradation is due to accommodation loss (caused by relative sea
level fall or tectonic uplift), and shoreline progradation during a normal regression is
caused by sediment supply exceeding accommodation at slow or steady relative sea level
rise.
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Normal regression is manifested by shoreline progradation during steady or
slowly rising relative sea level. It occurs when the rate of sediment supply exceeds the
rate of accommodation. As a result, the shoreline moves horizontally or obliquely upward
(e.g. Helland-Hansen and Gjelberg 1994; Fig. 2.11B) and typically is represented by an
upward-coarsening succession. During normal regression, accommodation is created
behind the shoreline in which non-marine deposits can accumulate. Throughout a
complete cycle of sea-level change, normal regression may occur: during both the LST
and during the late HST, when the rate of sea level rise is the slowest and consequently
might be exceeded by the rate of sediment supply (Posamentier and Allen 1999).
Forced regression is associated with the FSST (described in detail section 2.10
of this chapter; Fig. 2.12) when sequences display progradational and downstepping
stacking patterns which results from relative sea-level fall (e.g. Plint 1991). As sea level
falls, the shoreline is forced to regress, independent of sediment supply. Forced
regression triggers non-deposition/erosion on land by valley incision, development of a
subaerial unconformity on the interfluve, and erosion in shallow marine environments as
the shallow shelf emerges, or is eroded because of the lowering of fair weather wave base
(Helland-Hansen and Gjelberg 1994). Forced regressive shoreface deposits are typically
sharp-based, often with intraclasts at the base as result from wave erosion of the shelf
during relative sea level fall (Fig. 2.12B; Plint 1988). On land, deposits of forced
regression are capped by the regressive surface of fluvial erosion (Fig. 2.12B; Plint and
Nummedal 2000).
Helland-Hansen and Gjelberg (1994) distinguished two main types of forced
regression a non-accretionary and accretionary forced regression (Fig. 2.11) based on
shoreline trajectories and sediment supply. If sea level fall exposes a nearly horizontal
shelf it produces non-accretionary forced regression, which develops independently of
the rate of sediment supply (Fig. 2.11A1b). On a steeper shelf gradient (Fig. 2.11A1a)
non-accretionary forced regression occurs with small sediment supply, and accretionary
forced regression (Fig. 2.11A2) when sediment supply is sufficient (e.g. from river mouth
or from efficient longshore drift).
The three systems tract sequence model was criticized for the inconsistency in
classification of the falling limb of the sea level curve, which was defined as the early
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LST by Posamentier et al. (1988) or as late HST by Van Wagoner et al. (1988). After a
long debate, several terms and concepts were introduced, of which the falling stage
systems tract (FSST; Plint and Nummedal 2000) eventually was accepted as the missing
stage of the three systems tract model. The new model is known as the modified four
systems tract scheme (e.g. Catuneanu 2006; Fig. 2.13). The model is now widely used
and will be adopted in this thesis.
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Figure 2.11 Shoreline trajectories in responses to sea level change. Forced regression:
A1a) non-accretionary shoreline trajectory, when sea level falls on a steep shoreline
trajectory with little or no sediment supply; A1b) non-accretionary shoreline trajectory,
when sea level fall is exposing nearly horizontal shelf, which develops independently of
the rate of sediment supply, and A2) accretionary shoreline trajectory, when sea level
falls on a steeper shelf profile with sufficient sediment supply. Normal regression B)
occurs during steady or rising sea level when the rate of sediment supply exceeds the rate
of accommodation as a result shoreline moves horizontally or obliquely upward
(Helland-Hansen and Gjelberg 1994).
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Figure 2.12 Shoreface response to a relative sea level fall, for discussion see text. SCS =
swaley cross stratification; HSC = hummocky cross stratification (from Plint 1988).
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Figure 2.13 Schematic diagram explaining the modified four systems tract model of
sequence stratigraphy, A) sequence stratigraphy as a wheel, B) subdivisions and
bounding surfaces of the model according to relative sea level change.
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2.10 The four systems tract sequence model
The four systems tract sequence model can be illustrated as a schematic wheel
which represents a complete sequence (Fig. 2.13A).
At the beginning of the cycle at the lowest sea level (Fig. 2.13B) the LST is
deposited. The end of the LST is at the maximum basinward position of shoreline which
is observed when the rate of relative sea level rise equals the rate of sediment supply.
Further increase in the rate of relative sea-level rise marks the onset of the TST when the
shoreline starts to move landwards. Transgression shifts depositional zones landwards
and hence the onset of the TST is represented by an abrupt lithologic change to finer
sediment, which occurs at the Flooding Surface (FS). During the flooding of the land, the
shoreline erodes across the shelf (Bruun 1962) developing a marine ravinement surface.
The ravinement surface is diachronous, since it becomes younger as the shoreface moves
landward (Nummedal et al. 1993). In the rock record, the maximum water depth in the
transgressive phase is represented by the Maximum Flooding Surface (MFS), which in
paleogeographic terms marks the maximum landward position of the shoreline. This is
the time of the slowest rate of sediment input to the offshore part of a basin. Siliciclastic
sediment starvation may be recorded by the deposition of skeletal/bioclastic carbonates
such as coquinas or chalk in a clastic system, fossil concentrations (shell lags, bone beds,
fish scales and teeth), the occurrence of authigenic minerals such as glauconite,
phosphate or siderite, sedimentary structures such as intense bioturbation or bored
firmgrounds (e.g. Loutit et al. 1988). During the TST, valleys are filled with sediment
due to base level rise. Typically, this process may continue until the HST (Koss et al.
1994). The MFS marks the onset of the HST which marks the final period of the rising
portion of the relative sea level curve. In marine settings, sediment deposited during the
HST comprises the major component of each sequence. The beginning of relative sea
level fall marks the onset of the Falling Stage S.T. (FSST). This is marked in nearshore
areas by development of a regressive surface of marine erosion (RSME). The RSME is
produced by wave erosion of the inner shelf as level falls. As sea level falls, the space for
sediment is reduced. In continental margin settings, the shelf is exposed and rivers start to
incise their valleys (e.g. Dalrymple et al. 1994). Valley incision results in non-deposition
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on interfluve surfaces accompanied by paleosol development (e.g. McCarthy and Plint
1998). Due to valley incision, sediments bypass the old coastal plain, resulting in a
basinward shift of facies, with fluvial facies frequently deposited directly on marine
facies. On land a subaerial unconformity is developing, which is also known as the
“Sequence Boundary” (SB). The FSST continues until the lowest point of relative sea
level is reached (LST) and the cycle is completed.

2.11 Allostratigraphic approach
By definition, “Exxon type” depositional sequences are relatively conformable
successions of genetically-related strata that are bounded by unconformities (or by their
correlative conformities) at the bottom and top (Van Wagoner et al. 1988). To satisfy this
definition, many criteria (e.g. recognition of bounding surfaces and systems tracts) need
to be fulfilled, which is especially difficult to achieve in small-scale studies. One of the
biggest difficulties in the correlation of “Exxon-type” sequences is to follow the subaerial
unconformity offshore (e.g. Galloway 1989). Furthermore, subaerial unconformities are
highly diachronous, often spanning more than several hundred thousand years. For that
reason, it is impossible to use these lines as proxy timelines (e.g. Plint and Nummedal
2000). For these reasons sequence stratigraphy has not been a formal stratigraphic
scheme, and instead allostratigraphy, a method which shares many common features with
sequence stratigraphy, became the formal method.
In allostratigraphy the fundamental unit is an alloformation (North American
Commission on Stratigraphic Nomenclature - NACSN, 1983, Art. 58). Allostratigraphic
terminology follows lithostratigraphic ranks, which in decreasing order are: allogroup,
alloformation, and allomember. By definition (NACSN, 1983) an allostratigraphic unit is
a ‘mappable body of rock that is defined and identified on the basis of its bounding
discontinuities’ (Article 58). Since there is no specific description of the bounding
surface, various discontinuities can be used as bounding surfaces. In fact, contrasts in
lithology and sequence stratigraphic surfaces (e.g. flooding surfaces, subaerial
unconformities) can be applied in this approach. This non-specific definition of bounding
surfaces gives great flexibility to a geologist in defining discontinuities. However, for the
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same reason it might be difficult or even impossible to compare different allostratigraphic
studies. The key surfaces most commonly used in allostratigraphy are subaerial
unconformities, ravinement surfaces, flooding surfaces, and maximum flooding surfaces.
Among bounding surfaces, bentonites (altered volcanic ash beds) associated with a single
volcanic eruption are the best possible proxies for timelines, although bentonites are not
in fact discontinuities according to the definition. However, allomember boundaries have
not been observed to cross bentonites (Varban and Plint 2005), and bentonites are often
associated with flooding surfaces that can be correlated on a regional scale (e.g. Tyagi et
al. 2007). Unfortunately, bentonites are not always common and may not be present in a
sedimentary basin if there was no volcanic activity in the vicinity. Therefore, surfaces
which are most frequently employed in allostratigraphic studies are marine flooding and
transgressive surfaces. Transgressive surfaces are to some extent diachronous, although
they may be considered nearly instantaneous at a regional scale (Bhattacharya and
Posamentier 1994). In addition, these surfaces are relatively easy to identify in outcrop,
core and well log data, and therefore, can serve as useful markers for correlation (e.g.
Plint 1990; Bhattacharya and Walker 1991; Roca et al. 2008).
The allostratigraphic approach has been helpful in unravelling time and genetic
relationships within rock units in the Western Canada foreland basin, changing the way in
which lithostratigraphic units were interpreted. The relationship between the Cretaceous
Dunvegan and Shaftesbury Formations in northwest Alberta can be used to illustrate this
problem (Fig. 2.14). Lithologically the Dunvegan Formation was defined as a sandstonerich wedge capped by mudstone of the Kaskapau Formation and which interfingered with
mudstone of the underlying Shaftesbury Formation. Further to the east, sandstone of the
Dunvegan Formation graded into mudstone and therefore a new lithostratigraphic unit
called the La Biche Formation was defined (Singh 1983). In the allostratigraphic
approach of Bhattacharya and Walker (1991) seven rock packages (units A to G) were
recognized in the Dunvegan Formation. These units were bounded by marine flooding
surfaces which were traceable on a regional scale. This allowed the relationships to be
established between the Dunvegan Formation and mudstone of the Kaskapau,
Shaftesbury and La Biche formations (Fig 2.14B). Therefore, the allomembers represent
heterogeneous lithologies (previously assigned to different lithologically-defined
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formations), which cut across lithostratigraphic boundaries. As illustrated on Fig. 2.14B,
the allostratigraphic approach allowed the recognition of stacking patterns and genetic
relationships between these units.

2.12 Application of sequence stratigraphy and allostratigraphy in foreland basins
Sequence stratigraphic models were established in the late 1970s in passive
margin settings of the Gulf of Mexico, and for a long time the focus of the method was
on passive margins. Swift et al. (1987) compared geometries of sequences in foreland
basins to passive margins, which was one of the first applications of sequence
stratigraphy in a foreland basin. Later, Jordan and Flemings (1991) and Sinclair et al.
(1991) used numerical models to illustrate sequence developments in a foreland basin.
AAGP Memoir 64 (Van Wagoner and Bertram 1995) was another important work
summarizing progress of sequence stratigraphy development and applications in foreland
basin. The study of DeCelles and Giles (1996) was important because it helped to
organize foreland basin system into four depozones (wedge-top, foredeep, forebulge and
back-bulge), defined on the basis of the primary flexural response to topographic loading.
The increasing number of sequence stratigraphic studies in foreland basins was
stimulated by the success of sequence models, which resulted in new discoveries and
development of numerous oil and gas plays.
One of the most important steps toward understanding the development of
siliclastic sequence models in foreland basin were the computer simulations of Jervey
(1992). Modeling demonstrated that subsidence played a primary role in sequence
development. The overall tectonic subsidence pattern results in strong asymmetry across
the basin due to the increasing rate of subsidence towards the orogenic belt. When
subsidence was slow, the shoreline was encouraged to prograde basinward, and a
subaerial unconformity developed to landward (Fig. 2.15A). At times of faster
subsidence, shoreline deposits stacked vertically and sequences did not develop
unconformities, except when the rate of sea level fall exceeded the rate of subsidence (as
represented by sea level fall S4 on Fig. 2.15B).
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The predictions of theoretical studies of Jordan and Flemings (1991) were
confirmed by Varban and Plint (2008a, b) who mapped sequence stacking patterns in the
Kaskapau and Cardium formations (Fig. 2.16). The Kaskapau Formation is strongly
wedge-shaped and represents a time of rapid subsidence, when shorelines stacked
vertically in the southwest, and unconformities are rare. The sheet-like geometry of the
Cardium Formation was interpreted to represent a time of slow subsidence. This allowed
facies to prograde basinward across the shelf, and sea level changes produced several
subaerial unconformities (E1 to E7; Fig 2.16). Note that the Varban and Plint (2008a, b)
model represents a shallow water, low gradient-ramp and therefore mudstone facies have
wedge-shape geometry and progressively onlap in the direction to the forebulge, which
may result in condensed sections accumulation as areas further from the sediment supply
might be sediment starved. This pattern is similar to that predicted by the Jervey model
(1992; compare stacking pattern on Fig. 2.15B; and Fig 2.16).
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Figure 2.14 Cross-sections summarizing: A) Dunvegan lithostratigraphy, and B)
Dunvegan allostratigraphy (from Bhattacharya and Posamentier 1994). Abbreviations:
SB – Sequence Boundary, TSE – Transgressive Surface of Erosion, LST – 3rd-order
lowstand system tract. See text for further details.
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Figure 2.15 Results of computer simulations comparing stacking patterns, facies
distributions, and unconformities generated at the same rate of sea level changes with
dissimilar subsidence rate: Case A) slow subsidence, and Case B) rapid subsidence (from
Jervey 1992).
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Figure 2.16 Observed stacking patterns of the Kaskapau and Cardium formations
representing times of fast subsidence (Kaskapau) followed by slow subsidence
(Cardium); see text for further details (from Varban and Plint 2008a).
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2.13 Development, evolution and fill of the Western Canada Foreland Basin
Price (1973) first recognized that subsidence of the Western Canada Foreland
Basin resulted in loading of the fold and thrust belt of the Rocky Mountain orogen during
compressive deformation in adjacent areas. Cant and Stockmal (1989) observed an
apparently temporal relationship between terrane accretion and development of major
clastic wedges in the Western Canada Foreland Basin. In the Rocky Mountain Cordillera,
deformation took place in two main pulses: the Columbian orogeny (Late Jurassic-Early
Cretaceous) and the Laramide orogeny (Late Cretaceous-Paleocene; Douglas et al. 1970).
These orogenic pulses were caused by the accretion of the Intermontane Terrane which
first collided with North America in the Late Jurassic, initiating the Columbian orogenic
pulse and later accretion of the Insular Terrane in the Late Cretaceous, which triggered
the Laramide orogeny (Fig. 2.17).

2.13.1 Pre Foreland Basin
Before the Western Canada Foreland Basin was formed, the western margin of
North America was a passive continental margin. During this stage, a thick wedge of
sediment up to 20 km thick (Price 1981) was deposited from the Proterozoic to the Early
to Middle Jurassic. The youngest of pre-orogenic strata on the passive margin consist of
thin sequences of strata deposited on a sediment-starved-shelf in the Early Jurassic, and
more localized and thicker siliclastic units of Middle Jurassic strata (Poulton et al. 1994).
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Figure 2.17 Schematic map of main tectonostratigraphic belts of Western Canada (from
Leckie and Smith 1992).

56
2.13.2 Intermontane Terrane collision: onset of the Columbian orogeny
The pre-foreland continental margin of western North America comprised a stable
passive margin that underwent a transformation to a rapidly-subsiding foredeep trough in
the Late Jurassic. The change from passive margin to convergent margin was directly
related to the opening of the Atlantic Ocean in the Middle Jurassic, which caused a
change in the direction of North America Plate motion (Dickinson 2004). The oblique
collision of the Intermontane Terrane with westward-moving North America (Monger et
al. 1982) is associated with the onset of the Columbian orogeny. The collision caused
metamorphism and creation of a suture zone - a calc-alkalic magmatic arc of the Omineca
Belt (Armstrong and Ward 1991). The collision was followed by uplift. The record of the
first phase of foreland basin is preserved in the Upper Jurassic strata of the Passage Beds,
and the Fernie and Nikanassin formations (Fig. 2.18). Clear evidence of orogenic activity
within these formations is recorded by the first westerly-delivered sediments that were
shed from the rising orogen. This is the first of several tectonically influenced orogenic
clastic wedges that extend into the lowest Cretaceous (Poulton et al. 1994). Continued
uplift of the orogen from the Late Jurassic to the Early Cretaceous delivered abundant
sediment to the early foreland basin, which is represented by the Minnes Group strata
which are relatively coarse clastic sediment deposited mainly in terrestrial environments.
Sediments were delivered by 1) a drainage system delivering mature, quartz-rich material
from the continental U.S.A., and 2) a transverse river system flowing from the fold-thrust

zone which transported chert-rich sediments (Raines 2011). Deposition of the Minnes
Group strata continued until the end of Valanginian time (Smith 1994). The overall
drainage was towards northeastern British Columbia where marine rocks were described
by Stott (1967). Deposition of the Minnes Group was followed by a major relative sea
level fall that led to erosion across the entire basin during Hauterivian and Barremian
time. At the end of Barremian time deposition of the Mannville Group and equivalent
strata began. These rocks record the time when the second major clastic wedge, delivered
from the Cordillera, blanketed the entire foreland basin (Smith 1994). Paleogeographic
reconstructions indicate the transition from fluvial to coastal plain environments in the
southeast and to shallow-marine environments in the northwest. Accommodation for
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Mannville Group strata was created by accretion of allochthonous terranes in the west,
which loaded the craton and caused pulses of subsidence at the end of Barremian and the
earliest Albian time (the Lower Mannville and Bullhead groups). The subsidence can be
linked to thrust loading of the Cordillera and Omineca Belt due to the sinistral (leftlateral) motion of the Stikine and Yukon-Tanana terranes, which resulted in subsidence
concentrated at 55-57̊ N (Plint et al. 2012; Fig. 2.19A).
The Middle Albian unconformity on the top of the Mannville Group may have
been associated with basin “rebound” and uplift which followed the loading phase (Cant
and Stockmal 1989). In northeast British Columbia and westernmost Alberta (between
55-56̊ N) sedimentation was continuous due to subsidence of the Peace River Arch (Fig.
2.19B), and was recorded in the Upper Manville and lower part of the Fort St John
Group. The subsidence pattern in the Upper Mannville shows an extensive foredeep
along the foreland basin margin (Fig. 2.19B). Plint et al. (2012) interpreted this
subsidence pattern as the result of crustal shortening when the Stikine and Yukon Tanana
terranes overran the southern Cordillera at the onset of dextral (right-lateral) convergence
between Farallon and North America.
Post-Mannville strata of the Colorado/Alberta Group, which spans about 22 My,
from late middle Albian to early Campanian time, are dominated by marine shales with
thin but extensive sandstones of the Viking, Dunvegan and Cardium formations (Leckie
et al. 1994). The Viking and Cardium formations are related to eustatic falls and are also
associated with times of tectonic quiescence (Plint et al. 2012), the Dunvegan Formation
marks an unusual time when accommodation rate exceeded sedimentation rate, and
deposition in relatively deep water (~100m) allowed large scale clinoform stratification
to develop (Plint et al. 2009).
Tectonic subsidence of the Colorado allogroup occurred in three major phases
(Plint et al. 2012). The first phase comprises strata of Middle Albian to Early
Cenomanian age (including Viking allomember VD, the Westgate alloformation and Fish
Scales unit FA, Fig. 2.20). It records a radical change in the pattern of subsidence from a
previous phase characterized by extensive subsidence along much of the margin
(combined with major subsidence of the PRA), during Early to Middle Albian time, to a
major depocenter in far northeast British Columbia where up to 600 metres of sediment
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was deposited, recording a phase of major loading by the adjacent thrust-sheets. In
southern Alberta between the Middle to Late Albian time a corresponding forebulge
existed (Fig. 2.19C) and due to uplift, a large portion of Middle to Late Albian strata are
missing in southern Alberta (Roca et al. 2008). In the second phase, a similar pattern of
subsidence continued through the early to middle Cenomanian, and is represented by the
Fish Scales unit FB and by the Dunvegan delta complex. At this time, the foredeep was
localized in northeast British Columbia and the forebulge lay in southern Alberta. As a
result, the Fish Scales alloformation is missing or represented by very condensed sections
in the south (Roca et al. 2008). In the third phase the pattern of subsidence changed at
the beginning of Late Cenomanian time with a new foredeep development in
southwestern Alberta (Fig. 2.19D). The shift of subsidence pattern is interpreted to record
a change from sinistral to dextral convergence and accretion of the Insular Terrane to the
Rocky Mountains orogen. The resulting shortening and thrusting caused loading and
flexural subsidence in the southwest, which continued until Eocene time.
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Figure 2.18 Summary of main lithostratigraphic units in Canada. Jurassic and lower
Cretaceous (to Barremian) strata based on Poulton et al. (1994); Barremian-Maastrichtian
subdivision based on McGookey et al. (1972), and Roca (2007); and Paleocene units
based on Dawson et al. (1994).
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Figure 2.19 Relationship between terrane movement and accretion, and isopach maps of
major Cretaceous units:
A) Barremian and the earliest Albian - the Lower Mannville and Bullhead groups
(127-111Ma),
B) Early Albian - the Upper Manville and lower part of the Fort St John Group (111107Ma),
C) Middle Albian to Early Cenomanian - Viking allomember VD, the Westgate
alloformation and Fish Scales unit FA (107-99Ma),
D) Early Turonian to middle Santonian - Kaskapau unit II to Puskwaskau unit 2 (9485Ma).
Abbreviations: Key terranes: Yukon-Tanana terrane (YTT), Stikine (ST) and the
pericratonic Cassiar terrane (CA). Batholiths: Cassiar (C), Glenlyon (GL) and Dawson
Range (DR). Morpho-geological belts of the northern Cordillera: INB – Insular belt;
WCB – western Coast belt; ECB – eastern Coast belt; OB – Omineca belt; FB – foreland
belt, Fairbanks magmatic belt (F); and Tombstone magmatic belts (TB). NAC is North
American craton, NRMT is the northern Rocky Mountain Trench fault, B is the Late
Jurassic Bowser basin, PRA is the Peace River Arch (from Plint et al. 2012).
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Figure 2.20 Synthetic stratigraphic column for the Colorado allogroup, including the
Paddy alloformation, sensu Roca et al. (2008) (from Plint et al. 2012).
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2.13.3 Insular Terrane collision: onset of the Laramide orogeny
The collision of the Insular Terrane with North America marks the onset of the
Laramide orogeny. From the Late Cretaceous to the Paleocene, the dextral oblique plate
convergence caused thrusting and compression. Price (1981) calculated up to 200 km of
shortening between the early Campanian and the latest Eocene in the southern Rocky
Mountains.
The sedimentary record of the Laramide Orogeny comprises the third clastic
wedge (up to 4000 m thick in the Foothills of Alberta) which recorded the culmination of
the Laramide Orogeny. This clastic wedge contains two main units 1) a lower unit (the
Belly River Formation and the Edmonton Group) dominated by fluvial and shallow
marine systems that delivered sediment as far east as south-central Saskatchewan, with
axial drainage directed to the southeast; and 2) a fully fluvial unit (the Scollard and
Paskapoo formations, Dawson et al. 1994). Due to post orogenic uplift, a significant
portion of post-Paleocene sediments have been eroded, with erosional degradation
ranging from 1-3 km (Dawson et al. 1994).

2.14 Albian and Cenomanian transgressive-regressive cycles
In the Cretaceous rocks of the Western Interior Basin of Canada, numerous major
regional marine flooding events have been documented. Flooding events can be
organized into longer-term transgressive-regressive successions. Kauffman and Caldwell
(1993) suggested 9 second-order transgressive-regressive marine cycles for the
Cretaceous strata (Fig. 2.21). Since this dissertation spans from the Late Albian to the
Early Cenomanian, only Albian and Cenomanian cycles will be discussed below.
The Albian and Cenomanian record comprises three main, second-order
transgressive cycles which are: the Clearwater (Early Albian), Kiowa-Skull Creek
(Middle-early Late Albian), and Greenhorn Cycle (Late Albian-Middle Turonian). The
first cycle registers the transgression of the Boreal Ocean to the south during the Early
Albian followed by regression and development of a sequence boundary in the Middle
Albian at top of the Manville Group. The Kiowa-Skull Creek Cycle starts with the

64
Middle Albian transgression (deposition of the Joli Fou shale) caused by rapid global sea
level rise which exceeded previous Cretaceous Cycles. Significant sea level rise
eventually extended the northern arm of the Western Interior Seaway southward to
connect it with the southern arm spreading from the Tethyan Ocean by the early Late
Albian (Stelck and Koke 1987). The connection between the Boreal and Tethyan Ocean
was short lived. This event had a significant influence on biotic mixing (expansions and
migration), water paleotemperatures and paleocurrents. By the middle to late late Albian,
significant sea level fall separated the north and south arms for a brief time (1-1.6 Ma,
Kaufmann and Caldwell 1993). The next flooding started the Greenhorn transgression
(Kauffman and Caldwell 1993) in the latest Albian and earliest Cenomanian. In early
Cenomanian time the Mowry Sea expanded to the south and connected again with the
lobe of the proto-Gulf of Mexico (Cobban and Kennedy 1989, Fig. 2.22).
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Figure 2.21 Correlation of second-order transgressive-regressive cycles of the Western
Interior Seaway for the Cretaceous strata, with eustatic curves of Haq et al. (1987) (from
Kauffman and Caldwell 1993).
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Figure 2.22 Paleogeographic maps showing the extent of: A) Mowry Sea, and B)
Greenhorn Sea. Modified from Plint et al. (2009), based on Williams and Stelck (1975),
and Cobban et al. (1994).
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CHAPTER 3 - STRATIGRAPHIC FRAMEWORK

3.1 Introduction
This chapter presents details of the lithostratigraphy of the Hasler, Goodrich and
Cruiser formations, and introduces various lithostratigraphic schemes that have been used
by different authors in different areas. The regional relationship of the Hasler, Goodrich
and Cruiser formations to the Shaftesbury and Westgate formations in Alberta is
explained, as is the relationship to the Buckinghorse, Sikanni and Sully formations in
northwestern British Columbia. This section is followed by a brief description of the
evolution of stratigraphic nomenclature in the study area and detailed descriptions of the
lithostratigraphy of the Hasler, Goodrich and Cruiser formations. At the end of the
chapter the biostratigraphic zonation of the Upper Albian and Lower Cenomanian strata
is presented.

3.2 Lithostratigraphic framework

3.2.1 Development of lithostratigraphic terminology in northwestern British
Columbia
The Upper Albian strata in the area of the Peace and Pine rivers in northeastern
British Columbia preserve a more complete, greatly expanded, and lithologically variable
succession compared to mudstone-dominated strata in northwestern, central and southern
Alberta. The mapping of these rocks was carried out by many different geologists,
working in different areas and at different times. Therefore, the lithostratigraphic
terminology applied to various elements of these Albian rocks is complex (Fig. 3.1).
The successions of marine mudstone lying below sandstone of the Dunvegan
Formation and above sandstone now included in the Gates Formation was named the Fort
St. John Group by Dawson (1881; Fig. 3.2). McLearn (1923) called the lower sandstone
the Gates Formation, and the underlying mudstone was termed the Moosebar Formation
(Fig. 3.2). Wickenden and Shaw (1943) recognized five formations within the Fort St.
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John Group: the Moosebar, Commotion, Hasler, Goodrich and Cruiser formations (Fig.
3.2). Additional units were proposed by Stott (1968) who subdivided the Commotion
Formation into the Gates, Hulcross and Boulder Creek members. Later, Stott (1982) elevated
the Gates, Hulcross and Boulder Creek members to formation status and abandoned the term
‘Commotion Formation’ (Fig. 3.2). The detailed lithostratigraphy of the Hasler, Goodrich

and Cruiser formations was further developed by Stott (1968) in the area between the
Smoky and Peace Rivers.
Stelck and Koke (1987) recognized significant facies variability within the upper
member of Boulder Creek Formation, which changed from conglomeratic beds with coals
on Dokie Ridge described originally by Stott (1968), into a mudstone-dominated
succession where exposed on the Moberly Lake road about 50 km to the east of Dokie
Ridge (Fig. 3.3). On the basis of this lithostratigraphic scheme, Stelck and Koke (1987)
reported the total thickness of what they called the “Hasler Formation” as 530 m in the
Hudson Bay et al. Moberly 16-20-79-25W6 well, near the measured outcrop (drilling
depths between 330 and 860 m). However, the Hasler Formation (sensu Stott 1968) is
only 225 m thick (drilling depths between 330 and 555 m) in the Hudson Bay et al.
Moberly 16-20-79-25W6, which is in good agreement with the thickness seen in well Sun
et al. Chetwynd 14-20-77–23W6 (this study), and in the Gulf Minerals TRF – 81-108
borehole

(55̊ 30’ 25” N;

121̊ 56’ 20” W;

Harrison

1988).

Comparison

of

the

lithostratigraphic schemes of Stelck and Koke (1987) and Stott (1982) shows that the
“lower Hasler” (~ 230 m thick) lithologically defined by Stelck and Koke (1987) in fact
represents the mud-dominated equivalent of the Paddy, Cadotte and Hulcross formations
of Stott and the top of the “Cadotte Equivalent” on figure 3.3 can be correlated with the
top of the Gates Formation. The position of the “Viking” marker bed exposed on the
Moberly Lake road (Stelck and Koke 1987) can be correlated using the top of the
Boulder Creek Formation from the Harrison (1988) study, and further can be correlated
with the top of the Paddy alloformation (see Chapter 4 for further discussion).
Stelck and Koke (1987) recognized four transgressive-regressive cycles in the
upper Albian strata of northeastern British Columbia. In their scheme, the first cycle is
recorded in transgression of the Joli Fou Sea and was followed by regression and
deposition of the Viking Formation in Alberta. The second transgression is indicated by a
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short erosional break (R1, Fig. 3.3) in the Moberly Lake area that can be correlated with
the “Viking” marker bed. The erosive base of the third transgression is marked by the
Viking “grit”, deposited as a result of sea level fall and correlated to the onset of the
Miliammina manitobensis Zone (Fig. 3.3). The third cycle ends with regression which is
marked by sandstones of the Goodrich Formation, and is followed by the fourth
transgression represented by the Cruiser Formation.
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Figure 3.1 Correlation chart of the Upper Albian and Lower Cenomanian strata between
southern Alberta and northern British Columbia (modified from Stott 1982).
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Figure 3.2 Lithostratigraphic chart presenting history of terminology of Fort St. John
Group (Modified from Stott 1982).
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Figure 3.3 Correlation of the Upper Albian transgressive (T) and regressive (R) cycles in
northeastern British Columbia (from Stelck and Koke 1987).
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Figure 3.4 Schematic diagram of the major units of Jurassic and Cretaceous rocks in
northeastern British Columbia (From Stott 1982).
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3.2.2 Lithostratigraphy of the Hasler Formation
As originally defined by Wickenden and Shaw (1943) in the Pine River area west
of Chetwynd, the Hasler Formation comprises marine mudstones lying between the sandrich Boulder Creek and Goodrich formations (Figs 3.1, 3.4). The lower boundary of the
Hasler Formation is marked by an abrupt transgressive surface marking flooding by the
Mowry Sea. The upper boundary is placed at the gradational base of massive sandstones
of the Goodrich Formation. The Hasler Formation is recognized only in the Rocky
Mountains Foothills of British Columbia, south of the Peace River and west of Moberly
Lake. Further to the east both the Boulder Creek and Goodrich formations grade laterally
into marine mudstones, and therefore the entire interval between the Gates and Dunvegan
formations is assigned to the Shaftesbury Formation (Stott 1982; Fig. 3.1, 3.4). Mudstone
of the Hasler Formation marks the basin-wide transgression of the Mowry Sea (Stott
1982) as it expanded from north to south and also the onset of the Greenhorn Cycle (Sea)
using the transgressive-regressive cycle terminology of Kauffman and Caldwell (1993).
The direction of transgression, coupled with rapid subsidence has resulted in preservation
of the most complete rock record in northeastern British Columbia.
The Hasler Formation was first described (Wickenden and Shaw 1943 p. 6) as a
mudstone dominated succession, and a type section was proposed in Hasler Creek near
Chetwynd although the basal contact was not exposed. In the type locality only a part of
the Hasler was exposed, and this was said to: “consist mostly of dark grey to black shale
with many thin beds of fine-grained sandstone and siltstone in parts of the formation. In
one exposure a band of conglomeratic sandstone was observed”. Later, a better and more
complete exposure was found by Stott (1968) on Dokie Ridge, where 265 metres of the
Hasler Formation were measured by Stott (1968, sec. 60-7), who proposed it as the new
type section. The second, almost complete section (249 metres thick) of the formation
was measured on a ridge west immediately west of Mount Belcourt (Stott 1968, sec. 6113).
The Hasler Formation was divided into lower and upper parts by Stott (1968) on
the basis of a conglomeratic sandstone (“grit” bed on Fig.3.3), which was interpreted by
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Koke and Stelck (1885) as evidence of erosion linked to sea level fall, an event that was
correlated to the onset of the Miliammina manitobensis Zone (Fig. 3.3).

3.2.3 Lithostratigraphy of the Goodrich Formation
The Goodrich Sandstone is a prominent wedge of sandstone and minor
conglomerate that is best developed along the Foothills in British Columbia. The
occurrence of sandstone-dominated facies in northeastern British Columbia necessitated
division of the mudstone-dominated Shaftesbury Formation into three lithological units:
the mudstone-dominated Hasler, sandstone-dominated Goodrich, and mudstonedominated Cruiser formations (Fig. 3.4).
The Goodrich Formation was defined by Wickenden and Shaw (1943) in
Goodrich Creek, which is the first tributary creek of Bowlder Creek, where a part of the
formation is exposed. The formation was described as consisting chiefly of fine grained
sandstones. A new type section was designated by Stott (1968, sec. 60-5) on Dokie Ridge
where 402 metres were measured. This is the area of the maximum accumulation of the
Goodrich Formation. The contact with the underlying Hasler Formation is gradational,
whereas the contact with the Cruiser Formation is placed at a sharp contact where
mudstone abruptly overlies massive sandstone (Stott 1968). The Goodrich Formation, as
described by Stott from the type section on Dokie Ridge (1968, p. 96) has:
“…a fairly uniform lithology, consisting of a succession of sandstones, 5 to 80
feet thick, separated by regressive, covered intervals that are presumed to be mainly
shale or mudstone. The sandstones are generally platy to flaggy, exhibiting much festoon
crossbedding”.
Another almost complete exposure of the Goodrich Formation (262 m thick) is on
a ridge immediately to the west of Mount Belcourt (Stott 1968, sec. 61-13). The
sandstone rapidly grades eastward into mudstone over about 50 km from Mount Belcourt
to an outcrop near Deadhorse Meadows (Stott 1968, sec. 58.8). The Goodrich Sandstone
and its equivalent Sikanni Formation in northern British Columbia are interpreted to have
been deposited in delta-front and coastal environments (Stott 1982, Fig. 3.5). The
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Goodrich-Sikanni shoreline trended parallel to the orogen (from SSE to NNW) and
sandstone graded very rapidly eastward into mudstone (Stott 1982).
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Figure 3.5 Paleogeographic map of the Goodrich-Sikanni formations (From Stott 1982).
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3.2.4 Lithostratigraphy of the Cruiser Formation
The Cruiser Formation was described by Wickenden and Shaw (1943), as shale
lying between the Goodrich and Dunvegan formations. The Cruiser Formation commonly
is poorly exposed and forms grass-covered slopes under the steep cliffs of the Dunvegan
Formation. The Cruiser Formation was described by Wickenden and Shaw (1943) on
Cruiser Mountain as mainly dark grey mudstone and sandstone beds.
“Overlying the Goodrich is a formation consisting of dark grey shale and sandstone beds. The
name "Cruiser" is suggested for this formation, which is well exposed on Cruiser Mountain” (Wickenden
and Shaw 1943, p. 8-9).

Stott (1968) described a new, 226 m thick type section on a small gully east of
Young Creek (south side of Pine River), because the original section on Cruiser
Mountain was no longer exposed. There are few exposures of the Cruiser Formation and
therefore it is not possible to establish a detailed picture of regional facies variation along
the Foothills. Stott (1968) described a section immediately west of Mt. Belcourt as
consisting predominantly of mudstone, whereas outcrops on Dokie Ridge, and further
north on Mount McAllister are slightly siltier and sandier. The Cruiser Formation,
described immediately west of Mount Belcourt (Stott 1968, sec. 61-13) was re-visited in
2011 by the author who found that the strata assigned by Stott (1968) to the Cruiser
Formation are in fact an inverted and over-thrust section of the Hasler Formation.
The Cruiser Formation contains the highly radioactive Fish Scale Marker and the
“Fish Scale Upper” marker (FSU; see Chapter 4 for further discussion). Bhattacharya and
Walker (1991) recognized the FSU as a distinctive gamma ray and resistivity log marker
onto which strata of the overlying the Dunvegan Formation downlap, and which can be
correlated in wireline logs over most of the western plains of Canada (Roca et al. 2008).
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Figure 3.6 Lithostratigraphic chart presenting history of terminology of the upper Fort St.
John Group in the Sikanni Chief River area and its correlations to the Peace and Pine
river areas (Modified from Stott 1982, based on Hage 1944, Pelletier and Stott 1963, and
Schröder-Adams and Pedersen 2003).
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3.2.5 Lithostratigraphic units of northern British Columbia
In the late 1940’s, with road development and expansion of oil and gas
exploitation to the north along the Alaska Highway, new basins in the Sikanni, Muskwa
and Liard river areas were described by Hage (1944), Pelletier and Stott (1968), Stott
(1982), and further modified by Schröder-Adams and Pedersen (2003).
The equivalents of the Hasler, Goodrich and Cruiser formations in northern
British Columbia are the uppermost Buckinghorse, Sikanni and Sully formations (Fig.
3.6). The Buckinghorse and Sikanni Formations were defined in the Sikanni Chief River
area by Hage (1944). The type section of the Buckinghorse Formation is exposed along
Sikanni Chief River, where the total thickness of the formation was estimated to be 10061097 metres thick by Hage (1944), and up to 1128 metres by Stott (1982) from a well
located near the outcrops (at C-54-H/94-G-2). Later study established the position of the
“Viking” marker bed within the Buckinghorse Formation (Schröder-Adams and Pedersen
2003, Fig 3.6). Additionally, in the Trutch area along Sikanni Chief River, shoreface
sandstone within the upper Buckinghorse Formation was defined as the informal Bougie
member (Schröder-Adams and Pedersen 2003, Fig 3.6).
Hage (1944) defined the Sikanni Formation and within that formation recognized
that the lower portion was sandstone-dominated and the upper mudstone-dominated. The
Sikanni Formation was capped by the Dunvegan Formation. Pelletier and Stott (1963)
reduced the range of the Sikanni Formation to the sandstone-rich interval and described
the overlying mudstone dominated interval as the Sully Formation. These lithologies can
be correlated to the Goodrich (sandstone-rich) and Cruiser (mudstone-rich) formations in
the Peace and Pine river areas.
The thickness of the Buckinghorse Formation increases westward, indicating an
area of high subsidence in the foredeep in the region between the Peace and Liard rivers
(Stott 1993). Within the Buckinghorse Formation, six regional scale transgressive–
regressive cycles can be recognized in the reference well C-54-H/94-G-5 (SchröderAdams and Pedersen 2003; Fig. 3.7). The first three cycles mark the top of the Falher,
Notikewin, and lower Boulder Creek formations. The fourth cycle is the top of the Paddy
Member equivalent and marks the initial Mowry sea transgression. The fifth cycle is the
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top of the Bougie Member in the Trutch area (Schröder-Adams and Pedersen 2003), and
the sixth cycle is marked by the top of four distinct Sikanni sandstones (A, B, C+D, E:
Jowett et al. 2007, p. 687). The reference well C-54-H/94-G-5, was incorporated into the
regional cross section grid for this thesis (see Fig. 7.1 from Chapter 7.2 and Fig. 7.14 in
pocket). The four transgressive-regressive successions of the Sikanni Formation can be
related to high order relative sea level changes and traced northwards from the Sikanni
Chief River area to the Liard Basin where wave-dominated deltaic and shoreface strata
are preserved (Jowett et al. 2007). The duration of each of the sequences was interpreted
to be between 100 and 250 ka. The depocentre of the Sikanni delta is interpreted to have
been located in the Muskwa-Tetsa River area where the thickest deposits of the Sikanni
Formation are developed (Jowett et al. 2007).
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Figure 3.7 Gamma ray and resistivity log signature of the well C-54-B-94-G-7. Major
flooding surfaces (FS) are marked (modified from Schröder-Adams and Pedersen 2003).
Note: this well was incorporated into the regional cross section grid for this thesis (see
Fig. 7.1 from Chapter 7.2 and Fig. 7.14 in pocket).
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Figure 3.8 Schematic lithostratigraphic cross section representing lithostratigraphic
relationships from northeastern British Columbia to southern Alberta (From Roca 2007).
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3.2.6 Lithostratigraphic units of northwest and central Alberta
The Hasler, Goodrich and Cruiser formations represent a proximal foredeep
succession in northeastern British Columbia, and correspond to the more distal
Shaftesbury and Westgate formations in Alberta (Fig. 3.8). The Shaftesbury Formation
(Fig. 3.1) was first defined by McLearn and Henderson (1944) as the rocks lying above
the Peace River Formation and below the Dunvegan Formation in outcrops along Peace
River in north-eastern Alberta. The lithostratigraphic terminology of the strata in outcrop
is different from that used in subsurface. The Alberta Study Group (1954) divided the
equivalents of the Fort St. John Group in the subsurface into the Bluesky, Spirit River,
Peace River and Shaftesbury Formations (Fig. 3.1). This terminology is well-established
in industry reports on subsurface strata in northwest Alberta. Lithostratigraphic units
between the top of the Mannville Group and the top of the Fish Scale Sandstone were
informally defined by Rudkin (1964) as the Lower Colorado Group. Bloch et al. (1993)
formally defined the Westgate, Fish Scales, Belle Fourche and Second White Specks
formations above the Viking Formation and assigned these to the upper part of the Lower
Colorado Group. Deposition of these rocks took place in the Mowry Sea or the early
phase of the Greenhorn Sea (Fig. 2.21).
The thickness of the Shaftesbury Formation decreases towards southeastern
Alberta (Leckie et al. 1994). In the south, the equivalent of the Shaftesbury Formation is
the Westgate Formation, which was defined by Bloch et al. 1993 as strata between the
Viking and Fish Scales Formations (Fig. 3.8). The overall thickness of the Shaftesbury
Formation/Westgate Formation diminishes southwards, and in central Alberta the
Westgate Formation is only about 30 m thick (Roca 2007). The Westgate Formation is
overlain by the Fish Scales “Sandstone” which can be correlated with the Fish Scales
‘Zone’ which is a basin-wide, highly radioactive marker that demarcates the
Albian/Cenomanian boundary (Leckie et al. 1994).
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3.3 Biostratigraphy and the age of Hasler, Goodrich and Cruiser formations
The Hasler, Goodrich and Cruiser formations of the Peace River region in British
Columbia represent a thickened foredeep succession that provides an expanded record of
the evolution of the Western Interior Basin and hosts the most complete Albian-early
Cenomanian record of molluscs and foraminifera in Canada (e.g. Stelck 1991, Fig. 3.9).
The biostratigraphy of the Hasler, Goodrich and Cruiser formations is based mainly on
ammonites and foraminifera. Macrofossils are not common and mainly poorly preserved;
those preserved are typically found inside siderite nodules. The ammonite
(neogastroplitid) succession provides a high resolution zonation of the Western Interior
Basin (e.g. Warren and Stelck 1958, 1969; Stelck 1975; Caldwell et al. 1978, Jeletzky
1980; Stelck and Koke 1987). In the studied interval, the ammonite succession from the
oldest to youngest is as follows: Neogastroplites haasi - Neogastroplites cornutus Neogastroplites muelleri - Neogastroplites americanus - Neogastroplites maclearni Neogastroplites septimus - Irenicoceras bahani - Beattonoceras beattonense.
The thick Cretaceous succession in northeastern British Columbia also hosts a
high diversity of benthic agglutinated foraminifera (Fig. 3.9). Zones and subzones in the
Peace River region of northeastern British Columbia were established mainly by Stelck
and coauthors (e.g. Stelck 1975, 1991; Stelck et al. 1958; Stelck and Koke 1987),
Harrison (1988), and by Schröder-Adams, Pedersen and Jowett in the Sikanni Chief
River region and Liard Basin (e.g. Schröder-Adams and Pedersen 2003; Jowett 2004;
Jowett et al. 2007).
For Albian rocks in the Plains of Central Alberta, Caldwell et al. (1978)
established the first formal zonation by benthic foraminifera. The zones comprised the
Lower

and

Middle

Albian

Gaudryina

nanushukensis,

the

Upper

Albian

Haplophragmoides gigas, and Miliammina manitobensis zones. The Gaudryina
nanushukensis Zone extends from the Lower Albian Gething Formation into the basal
Hasler Formation (Stelck 1991), and can be correlated with the ammonite zone of
Stelckiceras liardense (Fig. 3.10). The Haplophragmoides gigas Zone records the KiowaSkull Creek and the Joli Fou transgression which is represented by most of the Hasler
Formation. The best record of the Haplophragmoides gigas Zone is documented in the
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most expanded sections on the Peace and Pine rivers, and Stelck and Koke (1987) and
subsequently Stelck (1991) defined seven subzones in this region (Fig. 3.10). The
Haplophragmoides gigas Zone is poorly represented by macro fossils and only one
mollusc Inoceramus comancheanus is associated with this foraminiferal zone,
specifically with the Haplophragmoides gigas gigas subzone. The occurrence of the
Tethyan Inoceramus comancheanus in northeastern British Columbia was interpreted by
Williams and Stelck (1975) as evidence of the connection between the northern arm of
the Boreal Ocean and the southern arm spreading from the Tethyan Ocean forming the
Joli Fou Sea in Canada. The Miliammina manitobensis Zone spans from the uppermost
Hasler to the Fish Scale Marker Bed within the Cruiser Formation (Fig. 3.9 and 3.10),
and can be correlated with four ammonite zones which, in ascending order are:
Neogastroplites haasi, Neogastroplites cornutus, Neogastroplites muelleri, and
Neogastroplites americanus. The upper portion of the Cruiser Formation belongs to the
lowest Cenomanian Textularia alcesensis zone (Fig. 3.10; Stelck 1991). Within this zone,
four ammonite zones can be recognized, which in ascending order are: Neogastroplites
maclearni, Neogastroplites septimus, Irenicoceras bahani, Beattonoceras beattonense
(Fig. 3.9). Foraminiferal and molluscan change at the Albian-Cenomanian boundary
marks the onset of the Greenhorn transgression, which at that time again re-established
the connection between the Boreal Sea and the proto-Gulf of Mexico (Cobban and
Kennedy 1989).
Non-marine strata of the Goodrich Formation contains abundant plant fossils.
Flora from the lower part of the Goodrich Formation was described by Hughes (1967) to
yield the genera: Cornus; Viburnum; ?Dalbergites; ?Platanus; cf. Dryophyllum
elongatum Dawson; cf. P. leconteanum Lesquereux; cf. Laurophyllum insigne Dawson;
Viburnum sp.; Populites dawsoni Bell. However, the relationship of the Goodrich flora to
the Upper Blairmore and Dunvegan floras was not clear due to small collection size of
the Goodrich flora. Therefore, the Goodrich flora remains between the Boulder Creek
Member flora (Cadotte and Paddy members), that contains a diagnostic angiosperm flora
(Bell, 1956) of a middle Albian age, and the Dunvegan flora assigned a Cenomanian age
by Bell (1963).

87

Figure 3.9 Upper Albian to -middle Cenomanian foraminiferal and molluscan
biostratigraphic correlations in NE British Columbia, from Jowett et al. (2007) based on:
Stelck et al. 1958; Warren and Stelck 1969; Sutherland and Stelck, 1972; Stelck 1975:
Caldwell et al. 1978; Jeletzky 1980; Stelck and Hedinger 1983; Stelck and Koke 1987;
Stelck 1991; Schröder-Adams and Pedersen 2003; Jowett 2004; Jowett and SchröderAdams 2005; Jowett et al. 2007. Biofacies indicated by asterisks (*); FSMB, Fish Scale
Marker Bed.
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Figure 3.10 Correlation of molluscan and foraminiferal subzones with Fort St. John
Group on the Peace and Pine rivers (from Stelck 1991).

89
CHAPTER 4 – ALLOSTRATIGRAPHIC FRAMEWORK
The Cretaceous Colorado Group of the Western Canada Foreland Basin has been
the subject of numerous detailed allostratigraphic studies in Alberta and British
Columbia. These include the Viking Fm. (Boreen and Walker 1991; Roca 2007);
Shaftesbury Fm. (Zhang 2006; Roca 2007), Dunvegan Fm. (Bhattacharya and Walker
1991; Plint 2000), Kaskapau Fm. (Varban and Plint 2005), Cardium Fm. (Plint et al.
1986; Hart 1990; Shank 2012), Marshybank and Muskiki Fms. (Plint 1990; Grifi 2012),
Bad Heart Fm. (Donaldson et al. 1998) and Puskwaskau Fm. (Hu and Plint 2009). All
these studies employed an allostratigraphic approach based mainly on the correlation of
marine flooding or transgressive surfaces. The resulting new stratigraphic frameworks led
to an improved understanding of the controls on deposition, facies boundaries and
tectonic influence on sequence development. In a summary of allostratigraphic
correlations of the lower Colorado Group a new allostratigraphic terminology was
proposed (Roca et al. 2008). This new terminology was intended to emphasize temporal
relationships between different lithological units, and hence allostratigraphic units may
include various lithostratigraphic units.

4.1 Allostratigraphic framework of the Hasler, Goodrich and Cruiser formations
The Hasler, Goodrich and Cruiser formations are lithostratigraphic units that are
strongly diachronous and vary regionally in thickness and lithology. The existing
lithostratigraphic names are adequate for outcrop mapping purposes. However, if a
comprehensive picture of basin evolution is to be demonstrated, an allostratigraphic
approach is necessary. Roca et al. (2008) established a new allostratigraphic scheme for
the Lower Colorado Group which included parts of the Fort St. John Group in British
Columbia (Fig. 4.1). The study of Roca et al. (2008) integrated regional unconformities
and transgressive surfaces to define allomembers and alloformation boundaries. The
Lower Colorado Group was allostratigraphically divided into the Paddy (late Middle
Albian to earliest late Albian), Joli Fou (early Late Albian), Viking (middle Late Albian),
Westgate (late Late Albian), and Fish Scales (earliest Cenomanian) alloformations. In
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this scheme the Hasler, Goodrich and Cruiser formations correspond to allostratigraphic
units lying above the VE3 surface and below the Fish Scales Upper Marker (FSU) and
include the upper part of the Viking alloformation (Unit VD), the Westgate, and Fish
Scales alloformations.
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Figure 4.1 Relationship between the lithostratigraphic divisions of the Lower Colorado
Group and allostratigraphic divisions of the Lower Colorado allogroup in Alberta.
Lithostratigraphy is based on Bloch et al. (1993), and Reinson et al. (1994) summary of
the Viking Formation; allostratigraphy based on Roca et al. (2008); (modified from Roca
et al. 2008).
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4.1.1 Uppermost part of Viking alloformation
The Viking Formation is interpreted to have been deposited during an early late
Albian sea-level lowstand (e.g. Beaumont 1984; Stelck and Koke 1987; Leckie and
Reinson 1993), which marks the end of the Kiowa-Skull Creek cycle of Kauffman and
Caldwell (1993, T5-R5). An allostratigraphic subdivision of the Viking Formation was
first proposed by Boreen and Walker (1991) who defined three regional allomembers
(VA, VB and VD), whereas the fills of local valleys below surface VE3 were termed
allomember VC. The rock succession studied in this thesis begins at the surface VE3,
which marks the maximum lowstand accompanied by valley incision in south-central
Alberta (e.g. Pattison and Walker 1994), and is the most prominent erosion surface in the
Lower Colorado allogroup (Roca et al. 2008). VE3 is represented by a transgressive
ravinement surface with chert pebbles in outcrop and core. The VE3 surface forms the
top of the Paddy alloformation in northeastern British Columbia, which implies that the
Joli Fou alloformation and units VA and VB of the Viking alloformation, present in
central Alberta, are missing as a result of non-deposition and/or erosional truncation on
the VE3 surface (Roca et al. 2008). The Paddy alloformation forms a wedge-shaped
package of sedimentary strata which is thickest (over 125 m) in the western and
southwest part of the basin (Rylaarsdam 2006) and which onlap onto the basal erosional
surface PEO towards the east (Roca et al. 2008; Fig. 4.2).
VE3 marks the beginning of transgression and onset of deposition of Viking
allomember VD which is dominated by offshore marine mudstone with local
conglomerate and sandstone in the far west. In British Columbia Viking allomember VD
is part of the lithostratigraphic Hasler Formation. The Viking alloformation is capped by
surface VE4 (Boreen and Walker 1991), which in the present study area is represented by
a flooding surface on the top of a coarsening-upward succession. However, in central
Alberta, this surface marks a major erosion surface and is marked by a chert pebble bed.
Over a large area in Alberta, VE4 cuts down to merge with VE3 (Roca et al. 2008). Strata
of the Westgate alloformation onlap from north to south onto the VE4 surface, suggesting
that VE4 had topographic relief and was subaerially emergent in the south (Roca et al.
2008).
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Figure 4.2 Summary of allostratigraphic terminology for the Lower Colorado allogroup
in central Alberta and northeastern British Columbia (after Roca et al. 2008).
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4.1.2 Westgate alloformation
The thick package of mudstone above surface VE4 and below the base of the Fish
Scales Formation (surface FE1) forms the Westgate alloformation (Roca et al. 2008). In
the earlier stratigraphic scheme of Boreen and Walker (1991), rocks now assigned to the
Westgate alloformation were designated as allomember VE of the Viking alloformation.
The Westgate lithoformation was originally defined by Bloch et al. (1993) and was
subsequently redefined as an alloformation by Roca et al. (2008). After a major sea level
fall, recorded by surface VE4, the Westgate alloformation was deposited during a major
marine transgression which formed the Mowry Sea. The Westgate alloformation consists
mostly laminated and non-bioturbated mudstone, and includes informal units WA, WB
and WC the tops of which are defined by regional erosion surfaces WE1, WE2 and FE1
respectively (Roca et al. 2008). Erosion surfaces WE1, WE2 and FE1 are not as
prominent as VE3 or VE4 and show little or no evidence for valley incision (Roca et al.
2008). Surfaces WE1 and WE2 progressively onlap onto the VE4 surface from north to
south. Surfaces WE1 and WE2 locally contain chert pebbles, especially WE1, which
probably was emergent (Roca et al. 2008). During the Mowry transgression, the Boreal
Sea expanded from the Boreal Ocean to the south, reaching as far as Wyoming, but did
not connect with the proto-Gulf of Mexico and the Tethys Ocean (Stelck 1975; Williams
and Stelck 1975). The Mowry Sea was relatively shallow, water was relatively cool, welloxygenated and of slightly reduced salinity (Schröder-Adams et al. 1996).

4.1.3 Fish Scales alloformation
The Fish Scales alloformation was divided into informal units FA and FB by
Roca et al. (2008). The contact between the Westgate alloformation and the Fish Scales
alloformation is placed at erosion surface FE1. Toward the south and east, unit FA
became thinner as surface FE1 gradually merges with surface BFSM (Roca et al. 2008);
where amalgamated, these surfaces form the base of the lithostratigraphic Fish Scales
Formation over most of Alberta and Saskatchewan (Bloch et al. 1993). The rock unit
above the BFSM marker is defined as unit FB by Roca et al. (2008). Unit FA is capped
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by surface BFSM (Base of Fish Scale Marker) which has prominent, highly radioactive
signature in well logs, and is recognized in industry as the “Base Fish” marker. The Fish
Scale Marker Bed is a geographically widely-distributed stratigraphic unit that can be
recognized in well logs from northeastern BC in the west to Manitoba in the east.
Towards northwestern Alberta and northeastern British Columbia, the radioactive
signature of the Fish Scales Marker gradually diminishes. The radioactive signature also
diminished abruptly in far eastern Alberta. The Fish Scales was interpreted by SchröderAdams et al. (1996) as an indicator of a geochemical anomaly that marked the onset of
anoxic conditions. In Alberta these anoxic sediments overlie the BFSM erosion surface
which records a previous relative sea level fall. In the south and east, the BFSM surface is
overlain by abundant phosphatic fish bone, teeth and scale debris which are uranium and
thorium rich, and therefore have a very high natural gamma radioactivity. Further south
(e.g. in the Burnt Timber Creek area) the combined FE1 and BFSM erosion surfaces are
mantled by a thin bed of chert pebbles. Tyagi et al. (2007) interpreted the pebble bed as a
transgressive lag, probably formed under subaerial conditions. The unconformity may
mark the position of the forebulge in Fish Scales time. Leckie et al. (1992) interpreted the
sharp lithological contact between the Westgate and Fish Scales at Judah Station (on the
Smoky River in north-central Alberta) to record a drop in sea level which resulted in
submarine erosion and formation of cross-laminated sandstone and intraformational
pebble lags with abundant fish remains.
The composite surface FE1/BFSM has been interpreted to mark the position of
the Albian-Cenomanian boundary (e.g. Roca et al. 2008). In Canada the AlbianCenomanian boundary is marked by environmental change indicated by the appearance
of new foraminiferal assemblages, an increase and change in organic matter type, and the
absence of benthic foraminifera immediately above the boundary which suggests
widespread bottom-water anoxia (Schröder-Adams et al. 1996).
The Fish Scales alloformation was deposited during relative sea level rise, when
the Western Canada foreland basin was flooded by the Greenhorn Sea that resulted from
the merger of the Boreal Sea with the proto-Gulf of Mexico in early Cenomanian time
(Cobban and Kennedy 1989). In Alberta, units FA and FB collectively thin southward
over 800 km from 75 metres in Township 84 to 3 metres in Township 1. The thinning
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was interpreted as evidence of differential flexural subsidence in the north, which was
illustrated in isopach maps of Plint et al. (2012).
The Fish Scales alloformation is capped by the “Fish Scale Upper” (FSU) marker,
which is a distinctive gamma ray and resistivity log marker. The FSU surface forms the
base of the Dunvegan alloformation as originally defined by Bhattacharya and Walker
(1991). The FSU marker bed is not erosional but instead represents a condensed section
onto which successive Dunvegan allomembers downlap. The FSU surface marks a major
reorganization of the sediment dispersal pattern across the entire basin. In the northwest,
rapid subsidence generated accommodation faster than it could be filled with sediment.
As a result, the area to the south became sediment starved, resulting in the accumulation
of pelagic biogenic debris (Plint et al. 2009). Clastic starvation, represented by the FSU
marker, may also be related to a new pattern of anticlockwise circulation which was
established in the Greenhorn Sea (Slingerland et al. 1996). This model proposes that,
with the opening of a through-going seaway, a southward flowing current would develop
along the western margin of seaway. This current would help to trap sediment in a narrow
zone close to shore, therefore starving the more distal shelf areas to the east (Plint et al.
2009).
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Figure 4.3 (A) Isopach maps of Fish Scales unit FA, which laps out to the SE (on a
?submarine hiatus). Isopach trends suggest loads in both north and west, (B) in Fish
Scales unit FB isopach trends have rotated suggesting a load in the west (from Plint et al.
2012).
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4.2 Geochronological constraints on allostratigraphic divisions
There has been no direct radiometric dating of the Hasler, Goodrich, or Cruiser
formations. The age of the formations is based on interpolation of the age of the AlbianCenomanian boundary and ages reported from kimberlites in Saskatchewan which are
interstratified with the Joli Fou Formation (Leckie et al. 1997; Zonnevield et al. 2004).
Obradovich (1993) plotted

40

Ar/39Ar and K-Ar ages against ammonite zones from the

Western Interior (Obradovich 1993; figure 2, p. 386) which can be used to estimate the
approximate duration of the Shaftesbury Formation (which is the equivalent of the
Hasler, Goodrich and Cruiser formations in British Columbia) as roughly 3 Myr. (Fig.
4.4). The Shaftesbury Fm includes the Albian-Cenomanian boundary which was
interpolated at 98.54 Ma at the base of N. haasi Zone by Cobban and Kennedy (1989)
and at 98.5 ± 0.5 My by Obradovich (1993).
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Figure 4.4 Chronostratigraphic plot of the Lower Colorado Group from (Roca et al.
2008) calibrated by the ages given by Leckie et al. (1997) and Zonneveld et al. (2004).
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CHAPTER 5 - MUD TRANSPORT AND SEDIMENTATION

5.1 Introduction – evolution of concepts
Understanding of the erosion, transport and deposition of mud is extremely
important because mud constitutes about 70 % of the sediment flux that is delivered to
the oceans by rivers (Aplin et al. 1999). Traditionally (e.g. Potter et al. 1980, 2005) mud
has been considered to have accumulated from vertical settling from suspension in
relatively deep and quiet water, but this thinking has undergone significant change in the
last 30 years. In the early 1990’s Schieber (1994a, b) demonstrated that ancient
mudstones preserve evidence of high energy events and erosion. Therefore, Schieber
(1998) called for careful re-examination and re-interpretation of sedimentary textures in
mudstone that have classically been interpreted to have been deposited from vertical
suspension settling (Fig. 5.1 F) as potentially deposited in a high-energy shallow water
environment.
Progress in mud sedimentology can be considered to have followed five main
themes: 1) evidence of mud deposition in shallow water, above fair weather wave base
(e.g. Rine and Ginsburg 1985; Schieber 1994 a and b), 2) flume experiments of Schieber
et al. (2007) which showed that mud (mud aggregates) can accumulate under current
velocities that could also transport very fine sand, followed by similar evidence from the
ancient rock record (e.g. Schieber et al. 2007; Macquaker and Bohacs 2007; Macquaker
et al. 2010a), 3) flume experiments that provided evidence of erosion of semiconsolidated mud (Schieber et al. 2010), 4) experiments that illustrated changes in
deposition and internal flow structure in clear water versus water with a high
concentration of suspended clay (Baas and Best 2002; Baas et al. 2009, 2011), followed
by evidence of changes in deposition depending on suspended clay concentration from
the rock record (MacKay and Dalrymple 2011; Ghadeer and Macquaker 2011), 5) the
idea of wave supported fluid mud flows (e.g. Ogston et al. 2000) with direct confirmation
from modern oceanographic studies (e.g. Fan et al. 2004), and the rock record (e.g.
Bhattacharya and MacEachern 2009).
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5.2 Mud aggregation
Flocculation is an important process that influences sedimentation of clay.
Various studies (e.g. Schieber 1994a, b; Schieber et al. 2007; Ghadeer & Macquaker
2011) have shown evidence of aggregate grains in mudrock. Aggregation of clay
particles forms larger, fine silt-size particles that have a higher settling rate and also
causes the clays to have different hydraulic properties. When clay particles enter the
ocean, three main processes cause them to cluster together. These are: electrochemical
coagulation, biogenic aggregation, and flocculation (see Bennett et al. 1991; and Hill et
al. 2007 for reviews). As a result of accretion, clay particles settle relatively fast at about
1 mm/s (Hill et al. 2007). In freshwater, clay particles are separated by an ion cloud
surrounding every clay flake. In salt water this ion cloud is compressed and allows closer
approach of particles one to another (Furukawa et al. 2009). Therefore, when clay
suspended in fresh water enters sea water, van der Waal’s force between particles
becomes greater than repulsive forces and electrochemical coagulation occurs (e.g.
Kranck and Milliagan 1980; Stumm and Morgan 1981). The process of coagulation
occurs more readily in ocean water with a low organic matter concentration, for example
in areas where glacial melt water, with high suspended clay content is discharged into a
fiord (Syvitski et al. 1985). Biogenic aggregation is caused by filter-feeding organisms
which cause aggregation of clay particles into faecal pellets (e.g. Andersen 2000).
Flocculation of clay particles may be mediated by organic matter acting as a bridge
between mud flakes (Mietta et al. 2009). Furukawa et al. (2009) suggested that
aggregation of clay particles suspended in river water that entered saline environments is
controlled by the composition of suspended material, in particular by the availability of
steric polymers and chitin (Kim et al. 2012). Coagulation of clay and stabilisation of
bedform can be enhanced by mucus produced on the sea floor and in the water column by
bacteria.
The formation of larger particles (mud-clasts) can also occur when semiconsolidated mud is eroded and transported as bedload (Schieber et al. 2010). Grabowski
et al. (2011) proposed that aggregates deposited from flowing water are larger and denser
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compared to aggregates formed in still water, and consequently have a lower potential to
be re-eroded.
A low concentration of clay in water can suppress turbulence, because clay
particles may flocculate to form long-chain structures that dampen turbulence (Wang et
al. 1998). At higher clay concentrations (over 3% by volume) suppressed turbulence is a
result of the development of clay floccules and a net structure of electrostatic bonds
between particles that can resist shear, and flow changes from Newtonian to nonNewtonian (Wang et al. 1998).

(next page)
Figure 5.1 A) Barchan-shaped clay floccule ripple formed during a flume experiment,
flow is to right, and B) SEM image of 12 mm floccule outlined by white arrows (from
Schieber et al. 2007). C) Cross-laminated black shale, New Albany Shale of Indiana, and
interpreted silt lamination D) drawing of the section showed in mud photograph “C”, the
relief of the ripple is 3 mm (A-D from Schieber et al. 2007). E) Structureless clay mud
and ‘face-face aggregates’ (‘FF’) formed in experimental fluid mud (Nishida et al. 2013),
F) Sedimentary structures preserved in mudstone that have been classically interpreted to
be deposited from vertical suspension settling (upper panel) and from advective sediment
transport - note low-angle cross lamination. Distinction between these two processes can
only be determined by careful observation of sedimentary structures (from Macquaker
and Bohacs 2007).
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5.3 Fluid mud
Kirby and Parker (1983) defined fluid mud as a liquid containing >10 g/l of clayand silt-sized sediment. With a higher concentration of clay particles a gel-like fluid
form, that has a distinct yield strength and hindered settling. Hindered settling of fluid
mud seems to be due to the electrochemical attraction between particles that causes the
fluid to have gel-like properties (McAnally et al. 2007). A high clay concentration
imparts a high viscosity due to the electrostatic attraction between clay particle that
suppresses turbulence and results in laminar flow (Fig. 5.6 D; Baas and Best 2002). After
fluid mud has been formed in shallow water it can move downslope under the influence
of gravity or/and wave energy. The fluid stops flowing when there is not enough shear
energy to overcome the cohesion of fluid mud. As the fluid mud stops flowing and
‘freezes’ it can produce massive deposits from cm-scale up to 3 m thick (e.g. Kirby and
Parker 1983). In the ancient record, Dalrymple et al. (2003) and Ichaso and Dalrymple
(2009) proposed that any mudstone thicker than 5 mm, and lacking syn-depositional
bioturbation and internal lamination, might be interpreted as a fluid mud deposit.
Fluid mud forms in water with >10 g/l suspended clay concentrations, for
example in tidal environments (e.g. Kirby and Parker 1983; Nishida et al. 2013). Rivers
deliver suspended clay, especially during flood events. As fresh water enters salt water,
clay settles rapidly due to electrochemical coagulation, and can form fluid mud near the
seabed. Fluid mud can also form as a result of resuspension of mud previously-deposited
by storm waves (e.g. Fan et al. 2004).
The main mechanisms that can cause fluid mud to move horizontally include
transport by tidal currents, gravity-driven underflows, and shear flows due to wave action
(McAnally et al. 2007). In shallow water, fluid mud can be moved by alongshore and
tidal currents (e.g. Kirby 1986). The downslope movement of fluid mud is due to the
density contrast between denser fluid mud and the ambient fluid, and is controlled by the
force of gravity (e.g. Wright et al. 1988, 2001). Turbulent energy generated by wave
action can resuspend the sediment (e.g. Ogston et al. 2000). As sediment becomes
concentrated near the bed it can form fluid mud that can be easily transported over long
distances by wave-enhanced gravity flows. However, when the wave action stops there is
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no turbulent energy to sustain the suspension and the fluid mud ‘freezes’ (e.g. Rodriguez
and Mehta 1998).
Nishida et al. (2013) found that in present-day fluid mud deposits with a high
initial suspended sediment concentration (ISSC), aggregates of clay were dominated by
face-to-face contacts between clay flakes (‘FF-aggregates’) , aggregates were up to 20 u
in length (Fig. 5.1 E).
O’Brien (1987) provided direct evidence of face-to-face aggregates preserved in
the rock record (Fig. 5.2). In the Clear Fork Formation of Texas, nonbioturbated
mudstone had a flocculated clay fabric in which face-to-face aggregates had a random
orientation (Fig. 5.2 A). In contrast, bioturbated mudstone was characterized by a random
orientation of individual clay plates (Fig. 5.2 B). Both facies showed no evidence that the
fabric had been modified by compaction and lithification.
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Figure 5.2 SEM photographs of claystone from the rock record: A) random nonbioturbated clay fabric with face-to-face aggregates indicated by red arrows (Clear Fork
Formation, Texas), and B) random bioturbated clay fabric without face-to-face domains
(Penn Yan shale member, Geneseo, New York), from O’Brien (1987).
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The presence of fluid mud has a profound influence on the colonisation of the
seafloor by organisms. Fluid mud has a gel-like property that inhibits colonisation and
consequently burrowing is rare, and the mud tends to be homogenous (e.g. Ichaso and
Dalrymple 2009).

5.4 Mud dispersal in the sea
When a river enters the sea, suspended sediments are dispersed by several
different mechanisms that influence the direction of mud transportation. These
mechanisms include 1) Coriolis force (resulting from Earth rotation), 2) oceanic currents
(long term oceanic currents), 3) tidal currents, and 4) storm-driven geostrophic flows.
Modern oceanographic studies have significantly improved understanding of the
deposition of mud in the sea. One of the first studies was by Kuehl et al. (1986) who
studied mud dispersal mechanisms on the storm-influenced subaqueous delta of the
Amazon River. On marine shelves, alongshore currents typically form subaqueous mud
deltas that constitute prismatic wedges of sediment (Fig. 5.3 B; e.g. Cattaneo et al. 2003;
Wright and Friedrichs 2006; Cattaneo et al. 2007; Friedrichs and Scully 2007; Liu et al.
2007). Recent studies of the Eel River shelf in California (Hill et al. 2007) showed that
both Coriolis force and alongshore currents affected the direction of transport of the
storm induced mud-plume. These forces deflect sediment-laden river plumes from coastperpendicular to coast-parallel. The combined effect of these dispersal mechanisms
should result in accumulation of sediments in a nearshore mud belt that is about 40-50
km wide (Fig. 5.3 A).
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Figure 5.3 A) Development of a geostrophic flow in the northern hemisphere - during a
storm, sea-surface is elevated near shore which generates a hydraulic pressure gradient
that causes development of a seaward-directed bottom flow. Due to Coriolis deflection
the bottom flow is deflected to the right and become a shore-oblique to shore-parallel
geostrophic flow. From Plint (2010), based on Swift et al. (1986) and Duke (1990). B)
Formation of a subaqueous mud delta by geostrophic flows and along-shelf currents. The
mud wedge can grow up to the limit of wave base and progressively grows basinwards
though the accretion of mud clinoforms that downlap onto deeper portion of the basin.
From Plint (2010) based on Cattaneo et al. (2003, 2007); and Liu et al. (2007).
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Recent studies however (e.g. Varban and Plint 2008b; Schieber and Southard
2009; Plint et al. 2009; Macquaker et al. 2010a; MacKay and Dalrymple 2011; Ghadeer
and Macquaker 2011) have demonstrated the development of mud-dominated facies >
200 km offshore, as a result of storm generated currents. The Cenomanian-Turonian
Kaskapau Formation from the Western Canada foreland basin shows no evidence of mud
clinoforms (Varban and Plint, 2008 a and b). Detailed microfacies observations indicated
that mud was deposited in relatively shallow water (i.e. inferred to have been no more
than ~40 m deep: Plint et al. 2012). Shallow water and a low shelf gradient promoted
mud re-suspension by storms and geostrophic flows resulting in mud dispersal as far as
500 km offshore in the Western Canada Foreland Basin (Plint et al. 2012).

5.5 Hyperpycnal flows and ‘wave-enhanced sediment gravity flows’ (WESGF)
Mud delivered by river floods tends to be deposited in a nearshore mud belt as a
result of alongshore currents (Dalrymple and Cummings 2005). However, studies of the
formation and movement of fluid mud on the Amazon shelf (Trowbridge and Kineke
1994) and off the Sepik River in northern Papua New Guinea (Kineke et al. 2000) have
shown that sediment can be moved to deeper water by gravity and wave supported flows.
The study of Fan et al. (2004) was particularly important because it provided direct
documentation that mud deposited in shallow water immediately after a river flood can
be re-suspended by a subsequent storm and moved into deeper water as a hyperpycnal,
wave-supported flow. Two major mechanisms of fine sediment dispersal were named
gravity-driven underflows or hyperpycnal flows (e.g. Mulder et al. 2003; Friedrichs
and Wright 2004; Traykovski et al. 2007) and ‘wave-enhanced sediment gravity flows’
(WESGF) as defined by Macquaker et al. (2010a).

5.5.1 Hyperpycnal flows
Hyperpycnal flows are common in the vicinity of river mouths where a large
supply of muddy sediment is available. “Hyperpycnites” were defined as a dense layer of
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suspended sediment delivered by river floods, which sank and dispersed over the seafloor
(Fig. 5.4).
The importance of river floods as a means of generating hyperpycnal flows was
discussed by Mulder et al. (2003). Hyperpycnal flows move downslope as a turbulent
layer of suspended sand and silt close to a seabed. Hyperpycnal flows require a slope
angle greater than 0.70 in order to maintain auto suspension of silt and sand (Rotondo and
Bentley 2003; Friedrichs and Scully 2007). Therefore, on slopes steeper than 0.70
hyperpycnal flows come straight out of the river mouth do not need additional energy
input from waves in order to move downslope.
A hyperpycnite deposit contains of normally and inversely graded beds (Bed 2 –
4, on Fig. 5.4 C). Inversely graded beds are interpreted to represent waxing of a
hyperpycnal flow and the normally graded bed records waning of discharge after a river
flood.
Hyperpycnite deposits are typically non-bioturbated to weakly bioturbated. Lack
of bioturbation in river flood-generated hyperpycnite deposits can be a result of the low
salinity of the water in the flood plume. In addition, fluid mud forms a liquid to semiliquid substrate which creates specific conditions that tends to suppress colonisation by
animals. However, fluid mud deposits may contain “mantle and swirl” structures which
are produced by sediment-swimming organisms (e.g. Lobza and Schieber 1999). The
presence of “mantle and swirl” structures in the rock record can indicate the presence of
soupground conditions, such as fluid mud.
Based on the hyperpycnite facies model developed by Mulder et al. (2003),
Bhattacharya and MacEachern (2009) re-interpreted prodeltaic mudstone deposited in the
Ferron Sandstone and the Dunvegan Formation as hyperpycnites. Hummocky cross
stratified beds and aggrading wave ripples observed in the Ferron Sandstone and the
Dunvegan Formation indicated significant storm influence during hyperpycnite
deposition (Bhattacharya and MacEachern 2009). However, evidence of major wave
influence distinguishes WESGF from hyperpycnite flows, which are driven entirely by
density contrast and maintained by fluid turbulence.
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Figure 5.4 River-fed hyperpycnite (A) versus wave-supported hyperpycnite (B).
Hyperpycnal flow can be sustained by waves (or tides) on much flatter slopes than riverfed hyperpycnal plume; also hyperpycnal flow can be generated from collapsing of riverfed hypopycnal plume (from Bhattacharya and MacEachern 2009). C) Facies model of
hyperpycnite as a function of the magnitude of river flood discharge, see text for details
(from Mulder et al. 2003).
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5.5.2 ‘Wave-enhanced sediment gravity flow’ (WESGF)
Wave resuspension and advection of river-derived sediments were first documented by
Ogston et al. (2000) on the California Shelf using current metres and Optical Backscatter
Sensors. This process was subsequently described by Macquaker et al. (2010a) as a
‘wave-enhanced sediment gravity flow’ (WESGF). In WESGF fluid muds remains
suspended by energy provided by orbital motion of waves (Bhattacharya and
MacEachern 2009; Macquaker et al. 2010a). Such bottom nepheloid layers can move
downslope on very small gradients. Plint (in press) inferred from the rock record that the
slope required for WEGSF can be as low as 0.050.
Observations by Macquaker et al. (2010a) and Ghadeer and Macquaker (2011)
from shelf deposits of the Mowry Shale in core from the Davis Well (Wyoming) and the
Cleveland Ironstone Formation (UK), described the sedimentary record of ‘waveenhanced sediment gravity flows’ (WESGF). The deposits of such flows were described
as a mm-scale ‘triplet’ of beds comprising a sharp-based rippled sand (A) overlain by
parallel laminated silt and clay (B) and by structureless mud (C). Mudstone microfacies
successions observed on the prodelta of the Dunvegan Formation (NW Alberta, Canada)
by Plint (in press) were interpreted to represent WESGF. The structureless or wave
rippled silt and silt-streaked claystone (microfacies 1 and 2 of Plint in press) were
interpreted to be a record of wave-enhanced sediment gravity flow. The gradual change
of microfacies 1 and 2 into structureless silty claystone and clay-rich mud (microfacies 3
and 4) was interpreted to represent settling and gelling of fluid mud after each storm.

5.6 Flow structure in relation to suspended sediment concentration
Experiments by Baas and Best (2002) were designed to test how flow changed
with a progressive increase in suspended sediment concentration. In their laboratory
study, Baas and Best (2002), observed that, with an increase in clay concentration (C)
flow state changed from turbulent (C< ≈ 2%) to transitional (C ≈ 2–4%) and to laminar
flow (C > ≈ 4%; Fig. 5.5 A and 5.6). These ideas were simplified and graphically
summarized by MacKay and Dalrymple (2011, Fig. 5.6).
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The ideas of Baas and Best (2002) were subsequently elaborated to show how
different flow states were expressed in the sedimentary record. Baas et al. (2011)
indicated how sediment concentration influenced bedform formation in decelerating
flows. Changes in flow condition have a direct influence on bedform generation. During
the first phase, with low sediment concentration, plane bed was the initial bed state (Fig.
5.5 B: t1). The plane bed was later reworked into current ripples with an increase in the
concentration of fine suspended sediment (Fig. 5.5 B: t1-t4). Under the turbulenceenhanced transitional flow and lower transitional plug flow conditions, current ripples
increased in both height and wavelength, as a result of increasing turbulence that caused
erosion of the lee side of the ripples (Fig. 5.5 B: t3-t4). In the second phase, a further
increase in clay concentration (C ≈ 10%) suppressed turbulence leading to upper
transitional plug flow. In this state, shearing is concentrated close to the bed and the
overlying flow is laminar. Under this condition, current ripple formation is suppressed
(Fig. 5.5 A). Deposition occurred when the fluid mud stopped and collapsed vertically
producing an unstratified massive deposit (Mehta 1991). Therefore, the presence of
current ripples can be used to recognize a low density turbidity current (= low suspended
sediment concentration). In contrast, a high density flow has no cross-laminated
component because the high sediment concentration suppressed turbulence (Talling et al.
2012).
In laboratory experiments, Schieber et al. (2007) confirmed that, under low
suspended sediment concentration, flow is turbulent and mud can be transported as a
bedload of mud aggregates from 0.1 mm to almost 1 mm in diameter (Fig. 5.1 B). Mud
aggregates were transported at similar velocities to those required to transport very fine
sand grains. Schieber et al. (2007) reported the formation of mud floccule ripples (Fig.
5.1 A). Floccule ripples were barchan-shaped, up to 3 cm high and were spaced between
300 to 400 mm apart. The flow velocity at which floccule ripples started to develop
ranged from 10 cm/s for a low mud concentration (0.03 g/l) to 26 cm/s for a higher
concentration (1-2 g/l). The internal lamination of mud ripples is detectable in the rock
record, although post-depositional compaction will result in the angle of cross-lamination
being extremely low, and easily overlooked in rock record (Schieber et al. 2007;
Macquaker and Bohacs 2007; Schieber and Yawar 2009; Macquaker et al. 2010a). When
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freshly formed, floccule ripples will have a water content of up to 90% (Schieber and
Southard 2009). Schieber et al. (2007) gave an example from the rock record in which a 3
mm thick, low-angle cross-laminated mudstone from the New Albany Shale of Indiana
was interpreted to represent a compacted floccule ripple that had an original relief of ~20
mm (assuming water content ~85%, Fig. 5.1 D and E).
In a complimentary series of flume experiments Schieber et al. (2010) showed
how semi-consolidated mud with up to 85% water, could be eroded to form mud clasts
rather than dispersed mud flakes. The eroded mud surface had steep and complex
erosional relief with an amplitude of up to 10 mm. Careful studies of the rock record
revealed subtle mud on mud erosion surfaces with relief of mm to dm (e.g. Schieber
1998; Macquaker and Bohacs 2007). These studies showed that mudstone successions are
likely to be punctuated by abundant minor diastems and hence the preserved stratigraphic
record is likely to be much less complete than might be expected.
The experimental results of Baas and Best (2002) and Baas et al. (2009, 2011)
have now been applied to the rock record, for example by MacKay and Dalrymple (2011)
who have shown how changes in both flow velocity and suspended sediment
concentration can be interpreted from tide-dominated sediments in the Cretaceous
Bluesky Formation (e.g. Fig. 5.5 A and 5.6). In the Bluesky Formation, four main facies
were distinguished, and these represent progressively increasing suspended-sediment
concentration. The four facies are: 1) unstratified mudstone (“classic” mud drapes:
UM1), 2) cross-stratified mudstone (SM1), 3) horizontally laminated mudstone (SM2),
and 4) unstratified mudstone (UM2) with thick laminae and beds. Mudstone facies SM2
and UM2 were deposited dynamically from fluid mud moving at a velocity which, in
clear water, would lead to the erosion of mud.
Using the flow regimes established by Baas and Best (2002) and Bass et al.
(2009, 2011; Fig. 5.5 A and 5.6) MacKay and Dalrymple (2011) presented a model of
flow stability-fields for mud deposits, in which the variables are flow velocity and
suspended sediment concentration. Decelerating flow resulted in the deposition of three
main facies successions (Fig. 5.7). Pathway A involves sedimentation from a
decelerating, low velocity flow with a low SSC. The resulting sediment consisted of a
thin (typically ~1 mm) single mud drape of facies UM1 passively deposited by gravity. If
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flow deceleration is rapid, the base of the UM1 layer is sharp, whereas with slower
deceleration, the contact was more gradational. Pathway B involves sedimentation from a
decelerating moderate to high velocity flow with a moderate SSC. In this case, the
resulting sediment consisted of cross-laminated interbedded mud, silt and/or sand (SM1)
draped by a fluid mud layer (UM2). This succession was produced under decelerating
transitional turbulent flow that produced ripples, followed by vertical settling of fluid
mud when the flow stopped. If the flow velocity of fluid mud diminished rapidly, facies
SM1 might not be deposited. Pathway C involved deceleration of a fast-flowing current
with a high SSC that lead to deposition of stratified facies SM1 and/or SM2, followed by
deposition of unstratified mudstone of facies UM2 from the fluid mud plug. Rapid flow
deceleration resulted in “freezing” of the fluid mud which would produce a thick
(typically ~8 mm), sharp-based UM2 layer.
The thickness of mud bedforms before burial compaction is highly dependent on
SSC. MacKay and Dalrymple (2011: Table 1 on p. 908 and references therein) inferred
that mud layers < 2 mm thick were deposited when the SSC was <<1 g/l, whereas mud
layers 2-10 mm thick were deposited when the SSC was from 1 to 10 g/l; thick
centimetre to decimetre-scale mud beds were formed where the SSC was between tens to
hundreds g/l. This interpretation suggests that a single thin layer of UM1 mudstone was
deposited from passive gravitational settling, whereas a thick layer of UM2 mudstone
was deposited from a dense fluid mud.
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Figure 5.5 A) Relationship between bedform thickness and initial suspended sediment
concentration. Note that current ripple formation is suppressed in UTPF and QLPF;
abbreviations: TF - turbulent flow, TETF - turbulence-enhanced transitional flow, LTPF lower transitional plug flow, UTPF - upper transitional plug flow and QLPF - quasilaminar plug flow. B) Photographs and schematic drawing of bedforms with low initial
suspended sediment concentration (6.9%, sand and mud), t0-t4 illustrate flow from TF to
TETF and LTPF (from Baas et al. 2011).
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Figure 5.6 Sequence of flow types which occur when suspended-sediment concentration
(SSCs) increases.
A) Turbulent Flow in clear water B) Transitional Turbulent Flow under low to
moderate SSCs, note higher intensity of turbulence near the bed, C) Transitional Plug
Flow under moderate to high SSCs, note the initial stage of plug development below the
white dashed line, D) Quasi-Laminar Plug Flow under high SSCs with fully-developed
plug below the white dashed line, cohesive particles within the zone of plug are separated
from the bed by a zone of laminar shear. K-H indicates Kelvin-Helmholtz shear
instabilities, from MacKay and Dalrymple (2011), based on Baas et al. 2009.
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Figure 5.7 Summary diagram of flow stability-fields showing formation of different
mudstone sequences (grey arrows A-C) depending on three possible pathways of
decelerating flow, from MacKay and Dalrymple (2011). Pathway A follows decelerating
weak flow with small SSC, under such conditions passive gravitational settling will
deposit thin UM1 mudstone. Pathway B follows flow that decelerates from moderate to
strong flow with moderate SSCs, as a result a sequence of sand ripples or SM1 mudstone,
followed by UM2 mudstone is deposited. Flow decelerating from high flow velocity with
high SSC follows pathway C. Sedimentation will start with deposition of SM2 and/or
SM1 mudstone, followed by UM2 mudstone. Abbreviations: TF - turbulent flow, TETF turbulence-enhanced transitional flow, LTPF - lower transitional plug flow, UTPF upper transitional plug flow, QLPF - quasi-laminar plug flow, UPF – unstable plug flow,
UM1 - unstratified mudstone (“classic” mud drapes), SM1 - cross-stratified mudstone,
SM2 - horizontally laminated mudstone, and UM2 - unstratified mudstone with thick
laminae and beds.
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5.7 Early diagenesis of mudstone
The studied rocks contain abundant diagenetic siderite and pyrite. Such minerals
form during early digenesis under reducing conditions (e.g. Berner 1981). Early
diagenesis occurs shortly after sediment deposition and at relatively low temperatures,
typically less than 250C. Pore water chemistry exerts the principal control on diagenetic
reactions (e.g. Morad et al. 2000). At those temperatures different diagenetic zones
develop in response to the progressive decrease in the concentration of dissolved oxygen.
The zone with the highest O2 content is the oxic zone, followed by the suboxic zone and
the anoxic zone where reactions involve bacterial sulphate reduction (Fig. 5.8, Froelich et
al. 1979; Morad 1996). Berner (1981) classified sedimentary environments based on
geochemical processes that decompose organic matter. These environments are: oxic
(oxygen consumption), post-oxic (nitrate reduction), sulfidic (sulphate reduction), and
methanic (methane formation, Fig. 5.8). During burial sediments may pass successively
through each of these diagenetic environments (Berner 1981). The early diagenesis of
mudstone involves a complex geochemical interaction between the water column (and
pore waters) and sediments, which is controlled by proximity to the shoreline, oxygen
and sulphate content in the sediment, organic matter and Fe content of the sediment and
rate of sedimentation (McKay et al. 1995).
The volume of early diagenetic, carbonate-rich cement such as calcite was
interpreted to be controlled by the residence time of sediments within the early diagenesis
zone (Curtis 1987). In areas with low sedimentation rate, due to the increased residence
time within the diagenetic zone, sediments have more time to react with sulphates,
methane and organic matter, therefore more calcite is produced (e.g. Curtis 1987). Taylor
and Macquaker (2000) interpreted that calcite cements are more likely to be precipitated
in sediments of the condensed section that formed as a result of clastic starvation around
the time of maximum flooding. In the Marshybank Formation three generations of
diagenetic calcite were recognized (McKay et al. 1995). The earliest is pore filling calcite
cement in the interior zones of septarian concretions followed by crystallisation of
siderite and the second generation of calcite that fills fractures in the septarian
concretions. The latest, third type of calcite, precipitated after the early diagenetic phase
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is a pore-filling. Localities with sufficiently slow sedimentation rate may also have other
early diagenetic minerals such as glauconite or phosphate nodules. In the Marshybank
Formation phosphate nodules are closely associated with marine flooding surfaces
(McKay et al. 1995).
Taylor and Curtis (1995) proposed that in marine settings, precipitation of
ironstone (e.g. berthierine or siderite) is a product of suboxic diagenetic process.
Precipitation of siderite is promoted by a high iron oxide concentration that inhibits
sulphate reduction by iron reduction (Berner 1981). The reduction of iron oxides is the
result of the bacterially mediated oxidation of organic matter (Lovely and Phillips, 1986).
As a result, high activity of Fe2+ ions coupled with low sulphide activity inhibits the
precipitation of iron sulphide (as pyrite) and instead allows other iron-bearing minerals,
such as siderite, to precipitate. In shallow marine deposits such as the Cleveland
Ironstone Formation of eastern England, ironstones were commonly found at the tops of
large scale coarsening-upward and shallowing-upward successions. The ironstones are
interpreted to represent deposition at times of low clastic supply when there was frequent
reworking of sediment, by both physical and biological processes; such reworking
increased the number of oxidation-reduction cycles and in consequence led to siderite
precipitation (Macquaker and Taylor 1996).
Siderite precipitated in a marine environment has a different chemical
composition than a fresh-water siderite. Marine pore waters contain more Mg2+ and Ca2+
and less Mn2+ and Fe2+ and a high Mg2+/Ca2+ ratio compared to meteoric waters. In
contrast siderite precipitated in fresh water is relatively pure (FeCO3) and contains
a relatively high concentration of Mn2+ and also has a high Ca2+/Mg2+ ratio (Fig. 5.9,
Mozley 1989).
The abundance of pyrite in mudstone is controlled by two main factors: 1)
dissolved sulphate concentration, 2) and organic matter content. Since the concentration
of sulphate in sea water is typically high, the amount of organic matter and its reactivity
plays a key role in pyrite formation (Berner 1984). The first step in sedimentary pyrite
formation requires reduction of sulphate by bacteria that live under anoxic conditions
(Fig. 5.12 F). Anoxia can develop just a few millimetres to a few centimetres below the
sediment-water interface (e.g. Berner 1984; Schieber 2009). Oxygen in the pore water is
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removed by the oxygen-consuming bacteria, but cannot be replaced due to the low
permeability of the mud. In euxinic environments, such as the modern Black Sea, pyrite
can form in the water column as well as in sediments (Lyons 1997).
There are two main morphologies of sedimentary pyrite. These are: 1) euhedral
pyrite that forms directly in solution and 2) framboidal pyrite that forms indirectly via
iron monosulphides (e.g. Sweeney and Kaplan 1973; Goldhaber and Kaplan 1974; Luther
et al. 1982). Formation of framboidal pyrite was interpreted by Taylor and Macquaker
(2000) to occur during early digenesis when the proportion of organic matter was
relatively high compared to clastic sediment accumulation. Folk (2005) observed that
small pyrite framboids (30-50 nm) are of the same size and shape as most nannobacteria
cells. This led to the conclusion that the morphology of sedimentary pyrite can be
interpreted as a fossilized nannobacteria cell.

122

Figure 5.8 A) A simplified scheme representing geochemical zonation in marine
sediments with early diagenetic processes (from Kasten et al. 2003). B) A simplified
scheme of geochemical zones of diagenesis, from Morad 1996 after Irwin et al. 1977,
Froelich et al. 1979, and Berner 1981.
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Figure 5.9 Chemical composition of marine siderite (grey) and freshwater siderite
(vertical lines), summary from different formations, simplified and modified from
Mozley 1989.
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5.8 Preservation of organic matter in shallow water sediments
There are three main factors that have traditionally been noted to enhance the
concentration and preservation potential of organic matter in sediments: 1) anoxic
conditions, 2) high productivity, and 3) low clastic sediment supply (e.g. Katz 2005). In
stratified basins, such as the Black Sea, anoxia in the lower part of the water column
inhibits oxidation of organic matter and also prevents colonization of the seafloor by
deposit-feeding animals and bacteria. As a result, organic matter survives to accumulate
in the sediment. A high nutrient influx from river floods tends to promote algal blooms in
surface waters that result in significant volumes of organic matter accumulating near river
mouths. A high organic matter influx, combined with a low clastic sedimentation rate
produces sediment with a relatively high concentration of organic matter. Preservation of
organic matter can also be increased by aggregation of mineral and organic matter in the
water column (Macquaker et al. 2010b). For example when organic matter is
incorporated into a larger particle (e.g. a fecal pellet) and therefore sinks faster,
shortening the time the organic matter is exposed to oxidizing conditions in the water
column. Therefore, counter-intuitively, a higher concentration of organic matter in
sediment can be also the result of a higher sedimentation rate. This has two important
implications: 1) rapid burial reduces the time the organic matter is exposed to oxidizing
conditions, and 2) the potential of organic matter preservation is improved due to the
presence of anoxic porewater in the sediment. A high sedimentation rate would increase
the preservation of organic matter in sediment, up to the point at which the sedimentation
rate became too fast, resulting in the dilution of organic matter (Tyson 2000). In addition,
the presence of a high clay mineral concentration can promote the preservation of organic
matter by sorption of organic matter onto mineral surfaces (e.g. Keil and Hedges 1993;
Hedges and Keil 1995).
Traditionally, the preservation of organic-rich mudstone (“black-shale”) was
interpreted to have been the product of deposition in low-energy anoxic or dysoxic basins
(e.g. Didyk et al. 1978; Tourtelot 1979; Wignall 1994; Suter 2006). Such basins were
characterized by high organic carbon productivity in the photic zone and typically had a
low sediment accumulation rate (e.g. Tyson 1995; Bohacs 1998; Tyson 2000; Katz
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2005). However, there is growing evidence that “black shales” can also be deposited in
relatively high energy and shallow water environments. Schieber (2009) found
agglutinated benthic foraminifera in Devonian organic-rich black shales that originally
were interpreted to have been deposited in anoxic water. Ghadeer and Macquaker (2012)
gave an example of a mudstone with TOC of up to 14.2% that was interpreted to have
been deposited in a low energy, shallow marine environment, without persistent anoxia.
Under these conditions, sporadic phytoplankton blooms, rapid deposition of organominerallic aggregates, and rapid burial lead to accumulation of organic rich sediment. In
the “Second White Specks” interval of the Kaskapau Formation Plint et al. (2012) found
evidence that organic rich mudstone (up to 11% TOC) was deposited above storm wave
base on a shallow, low-gradient marine ramp. The presence of bioturbation, inoceramid
bivalves and benthic foraminifera suggested the presence of oxygen at the seabed.
Therefore, the high organic matter content of the Kaskapau Formation was interpreted to
be the result of rapid burial of organic matter. That process improved preservation
potential of organic matter, as organic matter was quickly buried to a depth of a few
millimetres below the seabed where porewater was anoxic.

5.9 Mudstone microfacies in the study area

5.9.1 Introduction
Since the nineteenth century (e.g. Dawson 1881), mudstone of the Shaftesbury
Formation in northeastern British Columbia has been described as a thick and
“monotonous” dark shale (e.g. Wickenden and Shaw 1943; Stelck et al. 1958; Stott 1968;
Stelck 1975, 1991). This simplified description was partially due to the difficulty of
making detailed observations of textures and structures of the mudstone in outcrop
because the rock surface is heavily weathered and frost-shattered. In addition, the
simplification was also as a result of the assumption that these shales represented
deposition of mud by vertical settling in a deeper part of the basin (see discussion in
section 5.1).
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In order to test the hypothesis that the mudstone of the Shaftesbury Formation
was deposited in a shallow marine environment it is necessary to make detailed
observations of mud microstructure in thin section.

5.9.2 Study sites and sample preparation method
The sampled profile spans the 150 m thick succession in the Grand Haven section
(Fig. 5.10). The Grand Haven section was chosen because it is a mudstone dominated and
continuous section that can easily be tied to wireline logs. The rocks are soft, and have
experienced little burial. Grand Haven is one of the most distal sections of the study area.
Sampling of oriented mudstone blocks at the study site and thin section
preparation in the laboratory followed the method described by Plint (in press). This
technique permits both observation of mudstone microfacies and also determination of
paleoflow direction through observation of cross-lamination in oriented thin sections.
At the Grand Haven section, sampling points were excavated to a depth of about
50-70 cm in order to avoid sampling mudstone that had been heavily fractured by frostshattering. The excavated face was cleaned and smoothed before sampling. Steel
electrical junction boxes provided an ideal ‘box core’ (6 cm wide, 10 cm tall and 4.5 cm
deep) of mudstone. Each box was carefully hammered into the cleaned rock surface, after
which, the geographical orientation of the sample was written on the box. The rock
around the box was excavated, and the sample was carefully cut away from the bedrock.
The sample was protected by duct tape to maintain sample integrity during transportation.
In the laboratory, the tape was removed and samples were dried at room
temperature for six weeks. After that time, samples were warmed for about 24 hours at
500C. After which the open surface of the sample was saturated with liquid Epo-Fix®
resin. The resin was applied immediately after removing samples from the oven, in order
to enhance the penetration of warm resin (with lowered viscosity) into each mud block.
Over the next week the resin cured at room temperature. The next step was to remove the
steel box by progressively cutting away the sides of the steel box using a diamond saw
running without lubrication in order to avoid clay distortion and expansion due to wetting
of the sediment. Each exposed face of mudstone was saturated with resin until all six
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faces had been exposed and stabilized. During cutting, the orientation of the sample was
transferred from the steel box onto the mud block. From the prepared mudstone block,
two ~0.5 cm thick perpendicular slices were cut. These slices were polished with 400
grade Carborundum grit and attached to 50 x 70 mm glass slides and ground to ~25 μm
thick. No cover glass was used. Using this method 14 oriented thin sections were
obtained. Each thin section was scanned at high dpi with an Epson Perfection 3170
scanner. Enlarged prints from each thin section were used as a basis for
microstratigraphic logs which were prepared using a binocular microscope.
Two additional samples from the Pine River outcrop were also prepared. These
samples comprised early sideritized mudrock. The siderite maintained the integrity of
mudstone, and therefore the laborious process of preparing ‘box core’ samples could be
avoided. In the field, samples were oriented with respect to north. In the laboratory, two
slabs from each nodule (two N-S planes and two E-W planes, respectively) were mounted
on a 50 x 70 mm glass slide and ground to ~25 μm thick, no cover glass was used.
Detailed texture and structure observations and micro stratigraphic logging followed the
routine described above.
Additional samples included non-oriented mudstone thin sections (‘standard
size’: 27 mm x 46 mm). These samples were collected from exposures near to Grand
Haven (e.g. Bear Flat, Tea Creek, and Septimus Creek). Because of excellent
allostratigraphic correlation between these outcrops these additional samples provided
supplementary details about mud micro facies.
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Figure 5.10 Aerial overview of mudstone dominated section in Grand Haven on the
Peace River. On the left hand side is an outcrop log and an outcrop gamma-ray log. The
exposed section has 150 m thick. Sampling locations are indicated by circled numbers.
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5.9.3 Mudstone microfacies
Microfacies F1, Cross-bedded or massive silt (or silt-size aggregates of clay)

Microfacies F1 consists of quartz-rich siltstone or silt-sized aggregates of clay
minerals. Beds are 0.1- 2 mm thick. Beds have sharp lower erosional contacts, and some
silt beds show load structures at their bases. Sedimentary structures include symmetrical
wave ripples with internal unidirectional cross-bedding. Samples lacking in quartz silt
contain mud floccule ripples. Mud floccule ripples are formed from silt-sized aggregates
of clay (Fig 5.1 A - D) that share hydraulic properties of siliceous silt grains. Typically,
microfacies F1 forms the lowest part of microfacies sequence F1-F4 (Figs. 5.11 and
5.12). The transition to the overlaying interlaminated siltstone and claystone microfacies
is abrupt. Some bioturbation (weak to moderate) is present in microfacies F1, typically
the intensity of bioturbation increases with increasing silt content. Some diagenetic
kaolinite was present in sample 11. Available evidence from the orientation of silt microripples suggests direction was between SW and SE.

Interpretation:
The presence of very fine sand and coarse silt beds suggests deposition from
turbulent flow (sensu Baas and Best, 2002). The sharp base of the siltstone beds suggests
a phase of erosion prior to deposition. The presence of symmetrical wave ripples in some
silt beds suggests oscillatory flow although internal unidirectional lamination suggests net
sediment transport in one direction. Formation of silt ripples requires turbulent flow
conditions with low suspended sediment concentration (probably less than C < ≈ 2%,
Baas and Best, 2002). Mud floccule ripples in microfacies F1 also suggest low suspended
sediment concentration (e.g. below 2% in the experiments of Schieber et al. 2007).
Facies F1 is interpreted to represent waxing storm conditions. During rising of the
storm, wave energy initiates wave enhanced sediment gravity flow that moves downslope
while simultaneous oscillatory movement of waves forms symmetrical wave ripples. The
dominant paleocurrent direction was sub-parallel relative to the contemporaneous
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shoreline. The presence of bioturbation in microfacies F1 (Fig. 5.11) suggests that the
seafloor was inhabited by organisms, and that the bottom water was oxygenated.

(next page)
Figure 5.11 Scheme for mud microfacies F1-F4 development, small panel on each
picture represents the paleogeographic position of the Grand Haven section. A) Pre-storm
conditions, most of mud sediment is accumulated in the near shore zone. The sea floor at
Grand Haven was inhabited by burrowing organisms and inoceramid bivalves. Water
above the sea floor was inhabited by ammonites and fish. B) Waxing storm conditions,
deposition of facies F1 from horizontally-moving wave-enhanced gravity flow, under
turbulent flow conditions and low suspended sediment concentration (C < 2%), C)
Waning storm conditions, deposition of facies F2 from horizontally-moving waveenhanced gravity flow, under laminar flow and high suspended sediment concentration =
fluid mud (C <10%), K-H indicates Kelvin-Helmholtz instabilities between faster
flowing fluid mud and turbulent flow above. D) Post-storm conditions, deposition of
microfacies F3 and F4. Microfacies F3 is deposited as wave-enhanced gravity flow slows
and stops because there is insufficient wave energy to keep fluid mud moving; under such
condition fluid mud gels. Microfacies F4 is deposited from passive suspension settling on
the top of the microfacies F3. A typical succession of microfacies F1-F4 is between 2 to 4
mm thick. Horizontal scale based on paleogeography along regressive marker FB1.
Interpretation of flow conditions and microfacies based on experiments of Baas and Best
(2002), Baas et al. (2009), and MacKay and Dalrymple (2011).
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Microfacies F2, Sub-millimetre interlamination of siltstone and claystone

Microfacies F2 consists of sub-millimetre parallel interlaminations of siltstone
and claystone. Typically, facies F2 has very good segregation of quartz silt grains and
clay rich aggregate grains. Individual laminae can be traced laterally for at least for 3 cm
(limit of thin section, Fig. 5.12). Thickness of facies F2 is typically 1 to 3 mm. Typically
microfacies F2 is not bioturbated.

Interpretation:
The sharp grain size change from rippled silt to parallel laminated silt and clay is
interpreted to represent a rapid change in depositional process. Parallel laminated
sediment suggests laminar flow. Interlaminated silt-clay couplets suggest a second-order
change in depositional process that produces this grain contrast under conditions of
transitional plug flow. Such conditions could produce lamination due to changes in flow
characteristics (alternations of turbulent and laminar flow). Increased clay content
suggests increased suspended sediment content compared with microfacies F1. The
absence of ripples suggest a high suspended sediment content (C ≈ 10 %), that hindered
turbulence and ripple formation. Experiments of Baas and Best (2002), suggested that at
such a sediment concentration, a quasi-laminar plug flow develops. Therefore, parallel
lamination can develop as a result of Kelvin-Helmholtz instabilities between faster
flowing fluid mud and turbulent flow above (Fig 5.6). Instability produces very strong
turbulence along the shear layer, that results in short-periods of flow velocity fluctuation
(Baas and Best 2002; Baas et al. 2009). Such flow fluctuations can explain very finescale alternation of silt and clay. Microfacies F2 is similar to stratified mud facies SM2 of
MacKay and Dalrymple (2011) and microfacies 2 of Plint (in press).
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Figure 5.12 A) Backlit scan of thin-section representing mud microfacies F1 to F4: F1 cross-bedded or massive silt, F2 - sub-millimetre interlamination of siltstone and
claystone, F3- Silty mudstone, F4 - dark, clay-rich mudstone. Note centimetre-scale
graded beds and disturbance of coarser beds due to bioturbation. B) Close-up of F1-F4
mud microfacies succession. Note burrow present in coarser laminae indicated by red
arrow, and combined flow ripple indicated by yellow arrows. Tea Creek 3 section (8.2
m). C) Measured section from a thin section from Tea Creek 3 sample representing
microfacies F1-F4.
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Figure 5.13 Un-interpreted: A) and B) interpretation of Backscattered-Electron Images
(BSE) from sample 7 from Grand Haven section. B) Interpreted outlines of silt-sized
Face-to-Face aggregates (FF) and intraclastic aggregates (I.A.), quartz silt grain indicated
by Q.
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Microfacies F3, Silty mudstone

Microfacies F3 consist of silty mudstone. Typically, quartz silt grains floating in a
more clay-rich matrix. Beds of microfacies F3 are 0.2 to 2 mm thick. Typically,
microfacies F3 abruptly overlies microfacies F2. Black and dark brown flakes of organic
matter 30-2000 microns in length, are commonly observed (Fig. 5.14c). SEM observation
indicated that most of the clay component in this facies is in form of clay or clay-quartz
intraclastic aggregates that are of very fine silt size (4-10 microns in diameter).
Microfacies F3 lacks bioturbation.

Interpretation
The high clay contents in microfacies F3 and the random arrangement of
“floating” grains of silt in a clay-rich matrix suggests deposition from fluid mud (see
section 5.3 for detailed discussion). The arrangement of grains is due to the cohesive
strength of fluid mud (largely composed of water-saturated aggregates of mud with a
density of 1.1 g/cm3, Manning et al. 2010) which was high enough to support the denser
quartz grains (2.6 g/cm3) between clay-rich intraclastic aggregates. The lack of
sedimentary structures can be interpreted as a result rapid deposition from a decelerating,
wave enhanced sediment gravity flow. The lack of bioturbation supports deposition of
microfacies F3 from fluid mud (e.g. Bhattacharya and MacEachern 2009).
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Figure 5.14 A) Backlit scan of thin-section representing facies 1: note graded beds,
combined-flow ripples indicated by yellow arrows: sample B13 from the Bear Flat
outcrop (49.5 m). B) Interpreted micro-stratigraphic log of highly radioactive mudstone
from the thin section shown in Figure 5.14 A. C) Black and dark brown organic matter
rich horizons. Scale bar for C is 10 µm. Bear Flat section (22-25 m). D) Pyritized
inoceramid bivalve shell concentration (shell fragments are grey, pyrite is black) from
Halfway River section (105 m).
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Figure 5.15 SEM images of highly radioactive mudstone dominated by microfacies F3
and F4 (sample B13: Bear Flat section 49.5 m): A) Overview of clay rich facies and B)
interpreted outlines of clay aggregates, C) Close-up of clay rich facies and D) interpreted
outlines of clay aggregates E) Pyrite crystals in mudstone, note very fine crystals of early
diagenetic pyrite in surrounding rock. F) Diagram illustrating overall process of
sedimentary pyrite formation (From Berner 1984).
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Microfacies F4, Dark, clay-rich mudstone

Microfacies F4 is dark brown and composed mostly of clay with some sparse very
fine-grained silt quartz grains. The change from the underlying microfacies F3 is gradual,
but the contact with the overlaying microfacies F1 or F2 is typically sharp. Beds of
microfacies F3 are very thin, typically no more than 0.3 mm thick (Fig. 5.12). No
sedimentary structures or bioturbation were observed in microfacies F4.

Interpretation
The grain size and lack of sedimentary structures and bioturbation suggest that
this facies was also deposited from fluid mud. The gradual change between microfacies
F3 and F4 infers that the top part of fluid mud was composed of clay rich, possibly less
compacted and more water saturated aggregates (microfacies F4), compared with the
bottom part of the flow (represented by microfacies F3). Another possible interpretation
is that microfacies F4 represents settling of mud floccules that were not incorporated into
the fluid mud flow and were moving in a turbulent layer above the flow. Therefore, the
boundary between facies F3 and F4, can be explained as a product of buoyant lifting, as
finer grains were convected above the current and deposited gradually as the flow
velocities diminished (Gladstone and Sparks 2002, Talling et al. 2012). If this is the case,
microfacies F3 was deposited as a wave enhanced flow decelerated, allowing gelling of
fluid mud, which was followed by deposition of microfacies F4 as settling of sediment
from turbulent flow above the fluid mud and from passive gravitational settling until the
next wave enhanced sediment flow was triggered.

Microfacies F5, Brown clay with radiolaria

Microfacies F5 consists of clay rich, brown claystone with a low quartz silt
content, and abundant organic matter including abundant radiolaria (Fig. 5.16 c and d).
SEM and BSE observations revealed two distinctive mictotextures within microfacies F5,
that are not visible in thin sections (Fig. 5.16a-c). These microtextures include: 1) densely
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packed clay aggregates with particles of quartz silt (Fig. 5.16 b), and 2) loosely packed
elongated clay aggregates of clay flakes and particles of quartz silt with very fine pyrite
(~0.3 µm, Fig 5.16 c). Microfacies F5 occurs only in a 9 m thick zone of `papery shale`
around the FSU surface.

Interpretation
The low quartz silt content and a high organic matter content suggests deposition
during a time of relative clastic starvation. Radiolaria are present only in microfacies F5.
This suggests a very low clastic flux compared to microfacies F1-F4, or due to an
ecologic factors at the time basin paleogeography reorganisation at the FSU marker time
(e.g. Bhattacharya and Walker, 1991; Plint, 2000).

(next page)
Figure 5.16 Microfacies F5. A) BSE image showing an overview of two distinctive
mictotextures of microfacies F5 (texture 1 in the more grey upper portion of the image,
texture 2 in the darker bottom part of the image; boundary between textures 1 and 2
highlighted by yellow dotted line). B) Close up of texture 1 in BSE: densely packed clay
aggregates with particles of quartz silt. C) Close up of texture 2 in BSE: loosely packed
elongated clay flake aggregates and very fine silt quartz grains with very fine pyrite
(bright square crystals ~0.3 µm) D) Photograph of radiolarian in thin section, E) SEM
image of radiolarian test.
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Microfacies F6, Bioturbated silty mudstone

Microfacies F6 consists of almost completely bioturbated silty mud, and was
observed only in samples Grand Haven 1 and 2. Only single beds of microfacies F1 and
F2 were observed. In the remaining parts of the thin section, bioturbation has completely
destroyed sedimentary structures. The stratigraphic position of sampling points GH 1 and
GH2 was 50 cm below and 50 cm above a pebble bed at the BFSM level.

Interpretation
Rare intervals of non-bioturbated microfacies F1 and F2 support the interpretation
that microfacies F6 was originally deposited from wave enhanced fluid mud flows and
subsequently bioturbated. This unusually high bioturbation index is interpreted in relation
to stratigraphic position of samples below and above the BFSM unconformity and
associated pebble bed (facies 11). The, almost complete bioturbation in microfacies F6 in
sample GH1 (bellow the pebble lag) is interpreted to have developed during relative sea
level fall, shallowing water resulted in better oxygenation of sea bed due to more frequent
water mixing by waves. The overlaying pebble lag is interpreted to represent the
transgressive surface of marine erosion. Microfacies F6 from sample GH2 (above the
transgressive lag) was deposited during the transgression which followed the BFSM
lowstand. It is inferred, that during the transgression, when water was shallow it was well
oxygenated (due to more frequent water mixing by storms), which allowed burrowing
organisms to inhabit the sea floor.
Microfacies F7, Phosphatic rich beds (Septimus 3)

In thin section, microfacies F7 consists of orange-brown, 1 to 10 mm phosphatic
bone debris, fish scales and teeth (Fig. 5.17). Bone beds form rusty-coloured beds that are
several millimetres to several centimetres thick. Microfacies F7 is interbedded with
microfacies F3 and F4. In the Grand Haven section this facies was observed at the base of
the radioactive mudstone zone with high gamma ray readings. Some of beds of
microfacies F7 are partially sideritized and contain pyrite cement that has weathered to
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produce a secondary gypsum cement. The base of the radioactive mudstone zone, where
microfacies F7 can be found, is a lap out surface of several markers (See Figs. 5.19 and
7.18, and Figs. 7.3, 7.4 and 7.5 in pocket).

Interpretation
Bone beds are interpreted to represent a low rate of sedimentation (e.g. Lotuit et
al., 1988; Kidder et al., 1996). The stratigraphic position of the radioactive mudstone
zone supports this interpretation. The radioactive mudstone zone records a major
transgression and due to several markers lap out the condensed facies have been formed.
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Figure 5.17 Photomicrograph of thin section showing phosphatic bone debris, fish scales
and teeth (from Septimus 3 sample).
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5.9.4 Summary of microfacies associations and interpretation
Within the mud-dominated facies, four main microfacies associations were
identified, based on stratigraphic position, vertical microfacies successions, grain type
and grain size. Microfacies associations include: 1) microfacies F1-F2-F3-F4 succession,
2) microfacies F1-F3-F4 succession, 3) microfacies dominated entirely by F5
microfacies, and 4) cm-scale beds of microfacies F7. Lateral and vertical relationships
between these associations are presented on Figs. 5.18 and 5.19.

Microfacies successions F1-F2-F3-F4 (proximal WESGF)
The bulk of the mudstone in the study area (facies 2 and silty facies 1) consists of
microfacies succession F1-F2-F3-F4. This microfacies succession is normally-graded;
and therefore interpreted to represent a record of the waning of a wave-enhanced
sediment gravity flow (Fig. 5.11). The presence of quartz silt and very fine-grained quartz
sand is interpreted to indicate proximity to the shoreface. Therefore, microfacies
succession F1-F2-F3-F4 is inferred to have been deposited from wave-enhanced sediment
gravity flows with deposition taking place within 80 km of the shoreline. Typically, the
succession is on average 3 mm thick and has a sharp contact with underlying sediments
(Figs. 5.12 and 5.19).
The erosive base is interpreted to have formed as storm waves scoured the
seafloor during the waxing phase of storm, after which ripple cross-laminated siltstone
(F1) was deposited from a turbulent flow with a low suspended sediment concentration
(C ~2%). Microfacies F1 is overlain by microfacies F2, which was deposited under
laminar flow conditions from a fluid mud with a high suspended concentration (C ~10%),
during the peak of storm. As the wave action diminished, there was insufficient energy to
sustain the movement of fluid mud. As a result, the fluid mud gelled to form microfacies
F3. Lastly, microfacies F4 was deposited from the settling of clays suspended above the
fluid mud. Between storms, the sea floor was colonized by burrowing organisms;
however the degree of bioturbation is typically low to moderate due to rapid
sedimentation rates.
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Figure 5.18 Diagram to illustrate 4 main microfacies association across the marine ramp.
It is interpreted that WESGF was limited to water depths less than "mud wave base".
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Almost complete bioturbation observed in microfacies F6 was interpreted to
represent the bioturbated equivalent of microfacies succession F1-F2-F3-F4. Microfacies
F6 probably represents a time of relatively shallow water that resulted in more frequent
wave-agitation of the water column, and hence better oxygenation.

Microfacies successions F1-F3-F4 (distal WESGF)
The microfacies succession F1-F3-F4 is relatively rarely observed in muddominated facies and is restricted to the radioactive mudstone zone above the BFSM
marker. Microfacies succession F1-F3-F4 is typically 1-2 mm thick. The succession starts
with microfacies F1 which is very rare (and easy to overlook) was only observed in 3 out
of 15 thin sections from the radioactive mudstone zone. Microfacies F1 has very subtle,
low-angle cross lamination that consists of fine silt-sized aggregates of clay (with almost
no quartz silt). Clay-rich, cross-laminated microfacies F1 is interpreted to represent mud
floccule ripples that formed under turbulent flow conditions with low suspended
sediment concentration (e.g. below 2% in the experiments of Schieber et al. 2007) during
the waxing phase of a storm. The bulk of the F1-F3-F4 microfacies succession consists of
microfacies F3. The lack of sedimentary structures in F3 can be interpreted to be the
result of the rapid gelling of fluid mud from a decelerating, wave-enhanced sediment
gravity flow after the peak of a storm. The F1-F3-F4 succession ends with a thin
microfacies F4, which is rare, and interpreted to represent the settling of clays from
suspension from a turbulent flow above the fluid mud. The absence of the F2 component
(i.e. the parallel-laminated silt-clay microfacies) in this facies succession is interpreted to
be due to the lack of quartz silt, and consequently the sub-millimetre interlamination of
quartz siltstone and claystone of microfacies F2 is not present.
The F1-F3-F4 succession is interpreted to have been deposited from a distal
wave-enhanced sediment gravity flow with deposition taking place probably more than
100 km of the shoreline, as it is lacking in quartz silt and mostly consists of silt-sized
aggregates of clay.
The general lack of quartz silt in the F1-F3-F4 successions is interpreted to be due
to deposition in a more distal position compared with the F1-F2-F3-F4 successions. It is
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interpreted that wave-enhanced gravity flows deposited denser quartz silt grains (~2.6
g/cm3) closer to the shore (forming F1-F2-F3-F4 successions), whereas further basinward
much lighter (~1.1 /cm3, Manning et al. 2010), clay aggregates were deposited (forming
the F1-F3-F4 successions).

Microfacies dominated entirely by microfacies F5 (the most distal WEGFS)
Microfacies F5 was found only in the radioactive interval of ‘papery shale’ which
lies just beneath the FSU marker (Fig. 5.16). The zone of ‘papery shale’ was found in the
easternmost outcrop sections (e.g. Bear Flat, Tea Creek, and Grand Haven section). The
low quartz silt content (less than 1%), a high radioactivity (probably due to high organic
matter content), common Radiolaria, all suggests deposition during a time of relative
clastic starvation. However, the presence of silt-sized aggregates of clay in microfacies
F5 suggests lateral movement of sediments, most probably by WESGF, rather than
deposition of microfacies F5 from passive settling of clay from the water column.
Therefore, it is inferred that microfacies F5 represents the most distal component of
WESGF. Clastic starvation is interpreted to be due to sea level rise and/or trapping of
clastic sediment in rapidly subsiding foredeep (Fig. 5.19),
Evidence for trapping of clastic sediment in the proximal foredeep is also
suggested by the rapid west to east thinning of the upper part of allomember FBc of the
Fish Scales alloformation (e.g. line E, Fig 7.7 in pocket), which implies marked
differential subsidence in the West at the time that F5 was being deposited in the east.

Cm-scale beds of microfacies F7 (condensed sections)
The presence of cm-scale beds of phosphatic debris (microfacies F7, Fig. 5.17)
supports the interpretation that the microfacies F7 was deposited at a time of maximum
clastic starvation (Fig. 5.19) due to sea-level rise and/or rapid flexural subsidence of the
foredeep that led to clastic trapping nearshore (Fig. 5.19). The stratigraphic position of
phosphatic beds supports this interpretation. Phosphatic beds can be found on surfaces
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FB1 and FB2 onto which several markers onlap towards the east (See lines A-C; Figs.
7.3-7.5 in pocket).

(next page)
Figure 5.19 Scheme to illustrate the development of the radioactive mudstone interval
above the BFSM, interpreted Gamma Ray response, and microfacies successions.
A) During shoreline progradation (‘normal regression’) deposition on the distal shelf in
the east is interpreted to have been from wave-enhanced sediment gravity flows with silty
and sandy F1 component, and microfacies successions are dominantly F1-F2-F3-F4 (see
panel ‘E’). B) Transgression to the west lead to sediment starvation in the east, however
the water depth in the east was still relatively shallow and interpreted to have been above
storm wave base: the top portion of FB1 was wave-reworked, and bioturbated (see panel
‘E’), C) Two cycles of shoreline progradation generated two sandier-up successions
between FB1 and FB2 that onlap the forebulge towards the east. Because sediments were
trapped in the west, the distal shelf remained sediment starved: the gamma ray signature
starts to shift towards higher values due to the concentration of phosphate debris, D) As
the shoreline advances further to the east the distal shelf again starts to receive the distal
parts of WESGF, although these flows are no longer transporting quartz silt and,
therefore, resulting deposits lack quartz silt and instead contain abundant silt-sized
aggregates of clay. At time D, radioactive mudstone is deposited and is dominated by F1F3-F4 successions including F7 (phosphate beds, see panel ‘E’). The radioactivity values
are the highest in this zone. E) Scheme to illustrate the microfacies assemblages in the
radioactive mudstone zone above the BFSM in the eastern portion of the cross-section
(profile E on ‘A-D’).
WESGF = Wave-enhanced sediment gravity flow
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CHAPTER 6 - SEDIMENTARY FACIES AND DEPOSITIONAL
ENVIRONMENTS

6.1 Introduction
The studied portion of the Cretaceous Fort St. John Group in northeastern British
Columbia was deposited on a shallow, low-gradient, and storm-dominated muddy ramp.
Exposures on both proximal and distal margins of the basin, coupled with well log
control allowed mapping of both sedimentary facies and their successions (Chapter 9)
over about 50,000 km2. Facies associations include marine shelf deposits that grade into
shoreline and non-marine deposits. This chapter presents a facies analysis of the studied
succession. Facies have been defined on the basis of lithology, grain-size, sedimentary
structures and textures, and evidence of biological and chemical processes, which
allowed 15 facies to be recognized; these are grouped into 2 facies associations: marine
and coastal plain.

6.2 Facies association 1: Marine Facies
Based on characteristics of lithology, grain-size and bioturbation the marine facies
association was divided into eleven facies, which represent shallow marine shelf to
shoreline environments.

6.2.1 Facies 1: Dark, laminated mudstone (Distal shelf)
Description
Dark laminated mudstone is one of the most abundant facies throughout the
uppermost Viking (allomember VD), Westgate and Fish Scales alloformations in
northeastern British Columbia, except in the most proximal sections where the
lithostratigraphic Goodrich/Sikanni Formation is sandstone-dominated. Units of facies 1
typically range in thickness from a few decimeters to 30 metres. Most commonly, facies
1 sharply overlies a marine flooding surface. The transition to overlying bioturbated
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mudstone (facies 2) or muddy sandstone (facies 6) is usually gradational. Bentonites
(volcanic ash beds Fig.6.1 A), which reach a maximum thickness of 25 cm, and some
mud-supported siliclastic pebble lags (facies 11) are sporadically present in facies 1 (Fig.
6.1).
Facies 1 comprises dark grey, organic-rich silty claystone or claystone with little
or no bioturbation evident in the field. Primary stratification is well preserved (Figs. 6.2
and 6.3), however it is difficult to observe at outcrop due to frost weathering.
Stratification can be seen in thin sections, where mud microfacies F1-F4, can be observed
in facies 1. Clay particles were packaged into silt-sized aggregate grains (see chapter
5.9.3 for detail descriptions).
Rare ammonite and inoceramid shells are present in facies 1 (Fig. 6.5 A). Facies 1
contains abundant phosphatic material consisting of fish scales, fish bones and teeth. The
intensity of bioturbation, at field-observable scale, is low; the most common traces are
isolated Helminthopsis and Planolites. In the west (e.g. Moberly Lake and Chetwynd
area) Harrison (1985) and Stelck and Koke (1987) reported abundant benthic
foraminifera from facies 1.
Dark, laminated mudstone has high radioactivity values >150 API in wireline GR
logs, and above 2000 total counts/10 s in field-based survey by handheld gamma ray
spectrometer. High readings originate from elevated potassium (between 2 - 3.1 wt.
percent), uranium (5 - 8.6 ppm) and thorium (15 – 22.8 ppm) content (Fig 6.4). Chalmers
and Bustin (2012) determined the total organic carbon content (TOC) from this facies
ranging from 0.64 and 8.0 wt. percent (av. 2.2 wt. percent) in the southwestern part of the
study area.
Millimetre- to centimetre-thick concentrations of fish debris (bones, teeth and
scales) are locally common in facies 1 (see mud microfacies F7 in chapter 5.9.3 for
details, Fig. 5.17) and are associated with high Gamma Ray readings in the highly
radioactive mudstone.
Pyrite and siderite nodules are common in the dark mudstone facies, and some
have nucleated around ammonite shells and wood fragments (Fig. 5.14 d). Pyrite is also
present in form of framboidal crystals or micro crystals in mudstone (Figs. 5.15 and
5.16). Where weathered at outcrop, this facies has abundant gypsum efflorescence and is
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rusty or yellow due to weathering of pyrite. Siderite nodules are less common in the most
radioactive intervals above the Albian/Cenomanian boundary (interval above the BFSM
marker). Some of the bentonites are sideritized, and some rare bentonites are calcified,
and cone-in-cone structure may be present in such levels.
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Figure 6.1 A) Partially sideritized bentonite bed from Grand Haven section, B) Siliclastic
pebble lag (facies 10) within facies 1, note sharp basal contact (white dashed line), and
wave-reworked upper surface (red dotted line - this bed correlates to the BFSM marker
bed in the Pine River section at 111 m), C) Close-up of the wave-reworked upper portion
of the siliclastic lag from B above. Scale in “A” is 20 cm, the blue hammer is ~25 cm
long.
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Figure 6.2 A and B) Facies 1 in outcrop: note fissile texture resulted from millimetrescale bedding (‘papery shale’), Grand Haven section (122-125 m).
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Figure 6.3 A) Facies 1 in the most proximal setting: note numerous siderite horizons,
pyrite concretion, lack of bioturbation, and rare siltstone beds. Each section of the box is
2.5 feet long (Box 122 from the core TRF 81-108 in the Hasler Creek area), B) Siltyinterbeds within facies 1 from the core TRF 81-108. Note symmetrical wave ripples with
unidirectional cross-lamination (yellow arrows) and sideritized mudstone in the bottom
part of the picture.
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Figure 6.4 Radioactive mudstone of facies 1: A) Aerial overview of the measured section
at Bear Flat section on Peace River, B) An outcrop gamma-ray log and the measured
section. Note increase in uranium and potassium content in the most radioactive interval
between 32 – 50 m (note: 32 m = the FB1 surface). Note that Th and U are in ppm.
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Figure 6.5 Fossils from facies 1: A) An inoceramid shell in mudstone from the section
immediately east from Mt. Belcourt (4.5 m), scale divided in centimeters B) Ammonites
from Lynx Creek section (6 m), probably Stelckiceras sp. scale bar = 20 cm, C)
Sideritized Neogastroplites ammonites from Grand Haven section (85 m).
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Interpretation
The abundance of clay in facies 1 is interpreted to represent the most offshore
depositional environment of all facies described in this study. However, it was not a deep
water environment and it was not exclusively quiet water (i.e., was episodically affected
by high-energy events). Sharp-based graded beds of silt and clay, wave-formed ripples,
micro-gutter casts (See Chapter 5.9.3 for detailed microfacies description) indicative
ofadvective transport of muddy sediment by combined flows in water that was
significantly less than 70 m deep. Clay particles packaged into silt-sized aggregate grains
are interpreted to represent repeated cycles of burial, chemical and biological
aggregation, and re-erosion by storms. The presence of physical sedimentary structures
and silt-sized aggregate grains provide evidence of vigorous, storm-related scouring and
re-suspension of sediment on the sea floor, at distances of at least 50-90 km from shore
(e.g. Grand Haven section, Chapter 5.9.3). As this millimetre scale, grain size changes
observed in thin sections are interpreted to represent a single depositional event (a wave
supported gravity flow), they fit the definition of a ‘bed’ of Macquaker and Adams
(2003), and thus should not be called ‘laminae’. For that reason, facies 1 is described as
thinly-bedded even though in outcrop this mudstone could be described as being
‘laminated’ as beds are spaced less than 10 mm apart.
The low level of bioturbation in facies 1 may reflect dysaerobic conditions that
were present at the sediment-water interface; such stressed conditions inhibited
colonization by benthic fauna. On the other hand, the apparent lack of bioturbation may
simply be due to fine grain size and lack of textural contrast than makes bioturbation
difficult to recognize, especially in outcrop. However, the presence of pelagic ammonites
and fish remains implies that at least the surface waters were well-oxygenated.
A high organic matter content (higher TOC values, see chapter 5.8 for detailed
discussion about organic matter preservation), the presence of pyrite, lack of bioturbation,
and the absence of benthic foraminifera in highly radioactive mudstone of facies 1
(Schröder-Adams et al. 1996) may be interpreted to be a result of an absence of bottom
scavengers in anoxic bottom waters. The development of bottom-water anoxia has been
interpreted to have coincided with the joining of the Boreal and Tethyan Ocean during
the transgression of the Greenhorn Sea (Schröder-Adams et al.1996). The mixing of
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warm more and saline Tethyan waters with colder and more brackish Boreal waters
caused stratification due to density differences, and was paired with high surface
productivity, in the form of plankton blooms (Schröder-Adams et al. 1996) and
accumulation of organic-rich sediments. However, in the present study, the lap out
pattern of markers onto the basal surface of the highly radioactive mudstone zone
suggests that clastic starvation was the main reason for the accumulation of pelagic
biogenic debris that produced bone beds (see interpretation of microfacies F7 for more
details, Chapter 5.9.3).
Pyrite formation requires reduction of sulphate by bacteria which can live under
anoxic conditions (see discussion about mudstone diagenesis in section 5.7; Berner
1984). Pore water can be anoxic just a few millimetres to centimeters below the sediment
surface (Schieber 2009), where the oxygen has been removed by oxygen-consuming
bacteria. Therefore, it is interpreted that formation of framboidal pyrite occurred during
the early diagenesis of sediment and represents a time when the proportion of organic
matter to siliciclastic sediment was relatively high due to a diminished sediment supply
(Taylor and Macquaker 2000).
Siderite nodules are interpreted to be a product of suboxic diagenesis that was
controlled by high iron oxide concentrations that inhibited sulfate reduction by iron
reduction (Berner 1981). Carbonate-rich early cement is interpreted to have been
controlled by long residence time of sediments within the early diagenesis zone (Curtis
1987), and cone-in-cone in calcite-rich cement are interpreted to have formed during
deeper burial.

6.2.2 Facies 2: Dark, laminated to bioturbated silty mudstone (Mid shelf)
Description
Dark, bioturbated mudstone is fissile to more blocky and rubbly weathering
depending on the degree of bioturbation. Typically it contains more sandstone (5-15%)
compared to facies 1. Facies 2 forms units typically between 2 and 10 metres thick (Fig.
6.6). Dark, laminated to bioturbated silty mudstone typically gradationally overlies dark,
laminated mudstone (facies 1). Facies 2 typically shows a progressive upward transition
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to heterolitic, thinly bedded sandstone and mudstone (facies 3) or bioturbated muddy
sandstone (facies 4). Bentonite beds are preserved in less bioturbated intervals. Facies 2
commonly displays gradually increasing bioturbation and coarsens upward.
Stratification and physical sedimentary structures are preserved only locally
where bioturbation is weak or absent. Beds are commonly inter-stratified with millimetrescale silt and very fine sandstone beds. Internally, very fine sandstone beds show parallel
lamination, wave and combined-flow ripples. The bases of some siltstone and sandstone
beds have a small-scale scours. Mud microfacies F1-F4 are also present in facies 2 (see
chapter 5.9.3 for detail descriptions).
Facies 2 exhibits low to intense bioturbation that includes the Zoophycos and
Cruziana assemblages. The most common ichnofossils in facies 2 are Chondrites,
Helminthopsis, Palaeophycus, Planolites, and Schaubcylindrichnus. Fossils are rare in
this unit, and include mostly fish scales and very rare ammonites preserved in siderite
nodules. Centimetre-scale pyrite concretions and small siderite nodules up to 15 cm in
diameter are locally common. Some siderite nodules have wood debris and shell
fragments in their centres.
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Figure 6.6 A) Aerial photo of Halfway River section, where the profile is dominated by
facies 2 and 3, B) The measured section.
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Interpretation
The presence of very fine sandstone in facies 2 can be interpreted to represent a
paleo-water depth of as much as 70 m; at such water depth, movement of very fine sand
was observed in the Gulf of Mexico during Hurricane Carla in 1961, which was one of
the strongest storms recorded (Snedden et al. 1988). However, within the Western
Interior Seaway shallower water may have limited the height of waves and hence wave
base thereby restricting the effectiveness of hurricanes. Therefore, paleo-water depth for
deposition of facies 2 could have been less than 70 m. The presence of mud microfacies
F1-F4 in facies 2 suggests deposition from wave-supported gravity flows (see chapter
5.9.3 for detailed description). The presence of wave and combined-flow ripples and
scoured bases of sand is interpreted to record of deposition above storm wave-base. The
higher sand and silt content compared with facies 1, suggests that facies 2 was deposited
closer to shore or/and in shallower water. The gradual upward increase in frequency of
bioturbation and of grain-size can be interpreted as a result of both shallowing and of
better oxygenation of the bottom waters due to more frequent storm influence. The
Cruziana assemblage ichnofossils suggest deposition on a wave-dominated shelf
extending from the lower shoreface to the lower offshore (MacEachern and Pemberton
1992; MacEachern et al. 1999). The lack of bioturbation in some intervals may suggest
sporadically anoxic bottom water conditions.
The abundant pyrite in facies 2 is interpreted to have formed during early
digenesis under reducing conditions in porewater in the presence of high organic matter
content (for detailed discussion see Chapter 5.7, Berner 1984). Siderite nodules are
interpreted to be a product of suboxic diagenesis that was controlled by a high iron oxide
concentration that inhibited sulfate reduction by iron reduction (for detailed discussion
see Chapter 5.7, Berner, 1981).
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6.2.3 Facies 3: Heterolitic, thinly bedded sandstone and mudstone (Stressed inner
shelf)
Description
Facies 3 consists of very fine to fine-grained sandstone beds from 1 to 10 cm
thick which are interstratified with mudstone (Fig. 6.7 and 6.8 A-C). The proportion of
sand is between 20-50%. The maximum thickness of units of facies 3 is 20 m. The
heterolitic, thinly bedded sandstone and mudstone typically overlies bioturbated silty
mudstone (facies 2), and grades up into bioturbated muddy sandstone (facies 4) and
hummocky cross-stratified sandstone (facies 5). Facies 3 often forms coarsening upward
successions characterized by a gradual increase in thickness and abundance of sandstone
beds; typically the primary sandier-up succession contains additional higher-order
coarsening upwards cycles (1 - 4 m thick, Fig. 6.7 A). Sandstone beds are parallel
laminated or may show symmetrical or combined-flow ripples (Fig. 6.8 B). A typical
graded sandstone to mudstone bed is sharp-based. The lower portion of the sandstone bed
is coarser grained, better sorted and with planar lamination. The upper portion is finergrained sandstone with symmetrical or combined-flow ripples that grade up into the
overlying mudstone. Sand-filled gutter casts up to 5 cm deep and 15 cm wide were
commonly observed within facies 3 (Fig 6.8 A). The intensity of bioturbation is low and
most commonly includes: Helminthopsis, Planolites, Schaubcylindrichnus and Skolithos.
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Figure 6.7 A) Overview photo of facies 3, note coarsening-upward cycles which are
about 2-3 m thick, Murray River section, B) Close-up of heterolithic sandstone, the sand
proportion is about 80 %, Murray River section, the scale bar is 20 cm. Photo credits A.
Guy Plint (2004)
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Figure 6.8 Facies 3 and 4 from the core TRF 81-108 in the Hasler Creek area: A) Gutter
cast in Facies 3; note that the bottom contact with mudstone is sharp (highlighted with
red dots; Box 170), B) Facies 3 in core (Box 164), C) Moderately bioturbated facies 3;
bedding is preserved, Bioturbation Index (BI) = 3 (Box 156), D) Common bioturbation in
facies 4, BI = 4 (Box 148), E) Almost completely bioturbated silty sandstone of facies 4,
BI = 5 (D: Box 149).
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Interpretation
Sharp-based, graded sandstone beds of facies 3 are interpreted to be the result of
deposition from episodic storm-generated combined-flows, whereas mudstone records a
phase of settling of sediments after and between storms (e.g. Duke 1990; Hart and Plint
1990; Schieber 1994a, b, 1999). Some thicker sand beds may record amalgamation of
several storm events. Paleogeographically, facies 3 is interpreted to have been deposited
in an offshore environment between storm and fair-weather wave base. Wave ripple
crests in heterolitic facies are parallel to the shoreline (trending approximately S-N) and
along shelf transport was controlled by geostrophic flows towards the southeast (see Figs.
9.19 and 9.24). Weak bioturbation and the dominance of physical sedimentary structures
within facies 3 can be interpreted as a record of relatively frequent physical reworking.

6.2.4 Facies 4: Bioturbated, muddy sandstone (Non-stressed inner shelf)
Description
Facies 4 consists of ≤ 50 % very fine and fine-grained sand in a muddy matrix and
is moderately to heavily bioturbated (Fig. 6.8 D and E). Units of facies 4 are 2 to 10 m
thick. Facies 4 gradationally overlies facies 2 or 3 and grades up to hummocky crossstratified sandstone (facies 5) and swaley cross-stratified sandstone (facies 6). Trace
fossils include: Arenicolites, Chondrites, Diplocraterion, Helminthopsis, Ophiomorpha,
Palaeophycus, Planolites, Schaubcylindrichnus, Skolithos, Teichichnus, ?Thalassinoides,
Zoophycos, and some escape burrows. Scattered siderite nodules and sideritized
sandstone beds are locally common.
Interpretation
Because facies 3 and 4 have similar proportions of sandstone and mudstone, the
bioturbated, muddy sandstone is interpreted to be a bioturbated variety of facies 3. The
abundance of bioturbation in facies 4 suggests that the rate of bioturbation must have
largely exceeded the rate of physical reworking. Like facies 3, facies 4 is interpreted to
have been deposited in an offshore environment between storm and fair-weather wave
base.
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Facies similar to facies 4 were deposited in either the environment with limited
storm influence or an environment with long intervals between storms to allow the fairweather trace fossils assemblage to rework the substrate. The degree of bioturbation is
controlled by numerous factors including the oxygen content of the water, salinity and
turbidity, and sedimentation rate (MacEachern et al. 2010). Intense bioturbation in facies
4 could be explained by deposition on the portion of shelf distal to a river mouth because
bioturbation intensity tends to increase away from river mouths (Bann and Fielding,
2004), if this is the case facies 3 may represent areas influenced by fluvial discharge.

6.2.5 Facies 5: Hummocky cross-stratified sandstone (Lower shoreface)
Description
The hummocky cross-stratified (HCS) sandstone facies consists of laminated fine
and very fine-grained sandstone that forms beds from 15 to 60 cm thick. The typical
thickness of units of HCS sandstone is 2 – 17 metres; 7 metres in average. Typically,
facies 5 overlies heterolithic, thinly bedded sandstone and mudstone (facies 3) or
bioturbated, muddy sandstone (facies 4). Most commonly, swaley cross-stratified
sandstone (facies 6) was observed above facies 5. The base of each HCS sandstone bed is
commonly sharp and slightly erosive, with sole marks and gutter casts. The internal
lamination of sandstone in HCS beds steepens upwards from nearly planar at the bottom
to low-angle towards the top (up to 12°). HCS beds have wave or current rippled tops
with a gradational, bioturbated transition to overlying mudstone. Typical trace fossils
include: Diplocraterion, Helminthopsis, Ophiomorpha, Planolites, Schaubcylindrichnus,
and Skolithos. At outcrop, a single sandstone bed can be traced laterally for a few tens of
metres until it pinches out or amalgamates with other beds (Fig. 6.9). In the forestry road
section in Hasler Creek valley, numerous inoceramid shells were found in this facies, but
otherwise shelly fossils are rare in facies 5. In the same area, some HCS beds (48 – 55 m
in Hasler forestry road section) are full of terrestrial plant debris and have higher Gamma
Ray readings. The readings were above 1200 cpm, which is much higher than a typical
value range between 800-900 cpm measured for this facies in other sections.
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Figure 6.9 Facies 5: A) HCS in outcrop, note dome-like shape of the uppermost
sandstone bed (indicated by “A”) above several amalgamated HCS beds (indicated by
“B”), Hasler forestry road section (99 m), B) HCS from the core TRF 81-108 in the
Hasler Creek area, C) Photograph of thick HCS succession and the corresponding portion
of the measured section (Murray River section 53-73 m).
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Interpretation
The HCS beds are interpreted to have been deposited during intense storms and
hurricanes (Duke 1985). Observations from the Gulf of Mexico by Snedden and
Nummedal (1991) reported formation of about 7 cm thick HCS bed on the inner shelf
after Hurricane Carla (waves with period of 14 sec., height 12 m). Experiments by
Dumas et al. (2005) demonstrated that HCS is formed by oscillatory dominant flow (40100 cm/s) with an additional unidirectional component (~5-10 cm/s). These lab
experiments support the hypothesis that HCS was generated by storms (e.g. Duke 1985,
Duke 1990, Duke et al. 1991). Interbeds of HCS sandstone and mudstone in facies 7 can
be interpreted to represent storm-influenced deposition in the zone between storm-wave
base and fair-weather wave base.
HCS beds from the Hasler Creek area, which are full of plant debris, can be
interpreted as deposited close to a river mouth.

6.2.6 Facies 6: Swaley cross-stratified sandstone (Middle shoreface)
Description
Swaley cross-stratified (SCS) sandstone is very fine, fine or medium-grained, well
sorted, mud-free and well laminated. The typical thickness of an SCS unit is about 12 m,
and varies from 2 to 25 m (Fig. 6.10 A). The base of facies 8 is commonly sharp and
erosive (with up to 1.4 m of erosional relief, Fig. 6.10 B); facies 6 may overlie facies 3, 4,
or 5. The top contact may be either gradual to facies 7, or sharp, where facies 6 is
overlain by relatively coarse-grained lowstand deposits (facies 9 and 10). Sideritized mud
pebbles (up to 2-4 cm) are present where the base of SCS sandstone cuts into underlying
facies. Single SCS beds are about 10-30 cm thick and are defined by erosion surfaces
(Fig. 6.11).
Rarely, a more gradual transition was observed from HCS (facies 5) to SCS,
including an intermediate zone of mixed HCS and SCS bedding. Facies 6 is typically
overlain by facies 7 (rooted, parallel laminated- or cross-stratified sandstone).
In the TRF 81-108 core, 5 sharp-based SCS sandstone bodies can be identified,
and in almost completely exposed section on Dokie Ridge, 9 sharp-based SCS units can
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be identified. Subsurface mapping showed that each of the sharp-based units of SCS has
prograded from 5 - 25 kilometres into the basin; the western limit of sand bodies has been
lost beneath over thrust Paleozoic strata.
Bioturbation in facies 8 is very rare. Some inoceramid shells and some
angiosperm leaf impressions were the only body fossils found in this facies (Fig. 6.10 C).
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Figure 6.10 Facies 6: A) Classic SCS from Dokie Ridge (85 m), B) Sharp-based SCS
sandstone from Hasler forestry road section (160 - 170 m), note erosive contact with
overlying conglomerate, C) Angiosperm leaf impressions from SCS sandstone (Hasler
forestry road section).
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Figure 6.11 Facies 6: A) Sharp based (red dotted line) SCS sandstone body, and B)
interpreted internal lamination (Hasler forestry road section 105 - 106 m). Hammer is 25
cm long.
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Interpretation
Swaley cross-stratified sandstone is interpreted to indicate deposition in a high
energy storm-influenced middle to upper shoreface (e.g. Leckie and Walker 1982,
Walker and Plint 1992), based on its usual stratigraphic position above HCS (facies 5)
and below rooted, parallel laminated and cross-stratified sandstone (facies 7). The
absence of mud in SCS may be attributed to vigorous reworking of the middle-lower
shoreface by storm waves, down to some depth below which waves were not able to
remove all the mud.
Mud pebbles and the erosive base of SCS sandstone is interpreted to represent a
period of relative sea-level fall with basinward shoreline progradation (‘forced
regression’, Plint 1991, 1996). As a result of relative sea-level fall, the lower shoreface
zone became subject to more vigorous wave action and the upper portion of more
offshore facies (e.g. facies 3, 4 or 5) were completely or partially eroded off (e.g. Plint
1991). In sequence stratigraphic terminology, this sharp basal contact represents the
regressive surface of marine erosion, and the onset of the FSST.
The single example of a gradual change from HCS sandstone (facies 5) to SCS
sandstone is interpreted to be a manifestation of progressively more effective wave
reworking which accompanies progressive shallowing. The presence of plant debris in
some examples of facies 6 can be interpreted as evidence for deposition down drift of a
river mouth.

6.2.7 Facies 7: Rooted, parallel laminated and cross-stratified sandstone (Surf zone
and beach)
Description
Facies 7 comprises well sorted fine- to medium-grained sandstone. Rooted,
parallel laminated and cross-stratified sandstone typically forms units from 4-11 m thick.
Facies 7 commonly overlies SCS sandstone (facies 6), and is overlain by coastal plain
mudstone (facies 12) or lagoonal successions (facies 14 and 15). A unit of facies 7
typically starts with trough-cross bedded sandstone with cross-sets of centimetre- to
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decimetre-scale overlain by parallel laminated sandstone and more massive sandstone,
commonly with a rooted top (Fig. 6.12 A and B).
Plant and wood debris may be locally common. Bioturbation tends to be rare in
facies 7, the most commonly-observed trace fossil being Macaronichnus (Fig. 6.12 D and
E), some escape burrows and roots. However, some intervals within facies 7 are intensely
bioturbated (TRF 81-108: 402 - 406 m) with Arenicolites, Ophiomorpha, Palaeophycus,
Skolithos and escape burrows (Fig. 6.12 C).
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Figure 6.12 Facies 7: A) A classic succession of facies 7 and the measured section. The
succession starts with C: trough-cross bedded sandstone, followed upward by B: parallellaminated sandstone and A: more massive and rooted sandstone; Dokie Ridge section (87
- 90.3 m), B) Rooted top of facies 7 (Hasler forestry road section: 115 m), the pen is 15
cm long, C) Escape burrow in parallel-laminated sandstone (TRF 81-108 core: Box 20),
D) Macaronichnus burrows from facies 7 (Hasler forestry road section: 113.8 m), E)
Macaronichnus burrows from facies 7 in TRF 81-108 core (Box 16).
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Interpretation
The stratigraphic position of facies 7, between middle shoreface SCS sandstone
and non-marine strata (paleosols and estuarine facies) supports its interpretation as upper
shoreface and beach deposits. The relatively coarse grain-size and presence of troughcross-bedding suggests deposition in rip channels within the surf zone (Hunter et al.
1979, Davis 1985). Parallel-laminated, well sorted sandstone can be interpreted to have
been deposited under upper-plain bed conditions on the beach face (e.g. Clifton 2006).
Clifton and Thompson (1978) described Macaronichnus segregatis as an ichnofossil
analogue for an intrastratal trail of the modern marine polychaete Ophelia limacine, has
been described from intertidal and subtidal sand on the West Coast of the United States.
This would support deposition of facies 7 in high-energy, sandy, shallow-marine
environments. The upward transition from parallel-laminated sandstone to structureless
and rooted sandstone is interpreted to represent the transition from foreshore to back
beach environments.

6.2.8 Facies 8: Parallel-laminated to symmetrical or combined-flow rippled
sandstone (River-influenced prodelta)
Description
Facies 8 was observed only in the Hasler Creek area and on Dokie Ridge. Facies 8
consists of very fine- to fine-grained sandstone and typically consists of alternating
normally graded beds of parallel-laminated to symmetrical or combined-flow ripples
(Fig. 6.14 C and D). Beds are normally graded, decimetre-scale, up to 25 cm thick, with
sharp or gradual base (Fig. 6.13 B and D, Fig. 6. 15). The total thickness of units of facies
8 varies from 10-20 m (Fig. 16.13 A). Facies 8 typically overlies heterolithic, thinly
bedded sandstone and mudstone (facies 3) and is overlain by cross-bedded pebbly
sandstone and conglomerate (facies 9), or by a transgressive pebble lag (facies 11).
Sandstone forms from 50-80 % of this facies. In some instances sandstone beds are
sharply overlain by bioturbated muddy sandstone. Rarely, some sandstone beds display
HCS lamination. Locally, some climbing ripples and mud drapes are also present in
facies 8 (Fig. 6.14 A and B). Sandstone beds typically contain abundant plant debris (Fig.
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6.13 C), and in consequence have high GR readings (1200-1600 total counts/10 s survey).
Bioturbation is weak or moderate and present mostly in muddy intervals; traces include:
Helminthopsis, Ophiomorpha, Planolites, Schaubcylindrichnus and Teichichnus.
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Figure 6.13 Facies 8 from Hasler forestry road section: A) Section overview, B)
Reflected light scan of polished slab of facies 8 dominated by parallel-laminated siltstone
and mudstone, C) Abundant plant debris on bedding plane (42.3 m of the section), D)
Parallel-laminated portion in facies 8 (46 m of the section).
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Figure 6.14 Facies 8 from Hasler forestry road section: A) Photo of climbing ripples and
B) interpreted lamination, C) Parallel-laminated sandstone grading to sandstone with
symmetrical ripples with internal form-discordant cross-lamination and D) interpreted
lamination.
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Figure 6.15 Facies 8 from the TRF 81-108 core (Boxes 77-80).
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Interpretation
The upward transition from parallel laminated to rippled sandstone beds records
decelerating flow. The presence of climbing ripples provides evidence of rapid
sedimentation. The vertical transition from parallel laminated to rippled sandstone beds is
interpreted to occur in a prodelta influenced by hyperpycnal flows generated by riverfloods (Bhattacharya and MacEachern 2009). The scarcity of bioturbation and abundance
of plant debris are additional evidence that facies 8 was deposited close to a river mouth
(MacEachern et al. 2010).
The presence of symmetrical wave ripples and rare HCS could be interpreted as
evidence of storm reworking of prodelta (e.g. Pattison 2005; Bhattacharya and
MacEachern 2009; Basilici et al. 2012).

6.2.9 Facies 9: Pebbly sandstone and conglomerate (Gravelly shoreface)
Description
Facies 9 consists of centimetre-scale silty mudstone and fine-grained sandstone
interbeds that change rapidly upwards into decimetre-scale, structureless and crossbedded pebbly sandstone and conglomerate. The thickness of facies 9 units varies from 1
to 8 metres. Both gradational and sharp basal contacts were observed. Typically, units of
facies 9 are organized into upward-coarsening successions (e.g. from silty mudstone to
conglomerate, Figs 6.16, 6.17 and 6.18). Of all the marine facies, facies 9 has the most
complicated relationship with underlying and overlying strata. Typically, units of facies 9
overlie heterolitic, thinly bedded sandstone and mudstone (facies 3), bioturbated muddy
sandstone (facies 4), HSC sandstone (facies 5), parallel-laminated to wave rippled
sandstone (facies 8), and are overlain by facies 1 or 2.
Typically, the lower part of facies 9 consists of centimetre-scale fine- and
medium-grained sandstone beds interstratified with siltstone beds. Rarely, facies 9
contains a sharp pebbly bed at the bottom. The upper portion of facies 9 consists of 5-30
cm thick beds of pebbly sandstone or conglomerate with scattered wood fragments (e.g.
Fig. 6.18).
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Sedimentary structures in the lower, muddier units of facies 9 include parallel
bedded siltstone and fine-grained sandstone with some combined-flow ripples.
Microstructure observations of these lithologies in polished slabs revealed that typically,
sandstone is organized into 2-5 mm scale, inversely-graded or rarely inverse-to-normally
graded beds. Some rare, isolated sharp-based and sharp-top combined-flow ripples
(starved? 3 mm thick) are also present within some intervals. Each inversely-graded bed
starts from massive mudstone (microfacies F3, Chapter 5.9.3), which gradually changes
into mm-scale parallel sand and mudstone laminae (sandy equivalent of microfacies F2,
Chapter 5.9.3) with an upward increase in the thickness of sand laminae. This parallel
laminated portion is overlain by combined-flow ripples with unidirectional internal
lamination (sandy equivalent of microfacies F1, Chapter 5.9.3). Paleoflow direction
measured in the lower unit of facies 9 in Boulder Creek section (54-56 m) was to the
south.
The upper, conglomeratic part of unit of facies 9 consists of 20-30 cm thick,
massive or cross-bedded pebbly sandstone and conglomerate. The uppermost beds are
well-sorted and contain well-rounded chert and quartz pebbles. Pebbles are typically 0.5
to 3 cm in diameter, siderite pebbles are up to 8 cm. The uppermost part of a unit of
facies 9 consists typically of well-sorted conglomerate which may show gravel ripples on
the top surface. Paleoflow direction in three different localities indicates that the net
sediment transport direction was towards SW-E.
The degree of bioturbation of units of facies 9 varies from low to high. Significant
variation in the degree of bioturbation was also observed in a decimetre scale within a
single hand sample (e.g. Fig. 6.16 B). Bioturbation of the lower, muddier, part of facies 9
units includes: Helminthopsis, Schaubcylindrichnus, Teichichnus, and Teredolites in
wood fragments. Bioturbation of the upper, pebbly sandstone and conglomeratic part of
facies 9, includes Diplocraterion, Helminthopsis, Rosselia and some vertical Skolithos
that can be up to 30 cm deep (Fig. 6.16 B: 10-cm deep Skolithos burrow). Typically, the
degree of bioturbation increases upwards.
Geographically, units of facies 9 were found only in the westernmost outcrops in
the Hasler Creek area, in the TRF 81-108 core, on Dokie Ridge, and in M-20 Creek.
Detailed outcrop to outcrop correlation between units of facies 9 in the Hasler Creek area
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has shown rapid thickness change on a distance of 5 km (e.g. units thin from 8 to 1
meter). Over such distance, some units of facies 9 can be correlated to facies 11
(transgressive lag) or to a flooding surface, that lacks evidence of a coarser-grained lag.
On a regional scale, tops of facies 9 successions can be correlated via the nearest well log
to major regional flooding surfaces, which are traceable across the whole study area (e.g.
WE3 and WD1 markers).
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Figure 6.16 A) Examples of facies 9 logs, note rapid upward increase in grain size and
facies variability that can be observed in each log (each example is from a different
stratigraphic level), B) Reflected light scan of polished slab of facies 9; note parallel
laminae of sand in muddy matrix and combined-flow ripples, and intense bioturbation in
the upper portion of the slab.
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Figure 6.17 Facies 9, example of conglomerate with interstratifications of fine-grained
and very coarse-grained lithologies in the lower part of conglomerate (TRF 81-108 core
Box 92-91): A) Overview of the core (Box 91-92) and interpreted facies log, B) Close-up
of intensely bioturbated top of the conglomerate, note large (~10 cm) Skolithos burrows.
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Figure 6.18 Facies 10: A) Facies 9 in Hasler Creek section (the base of conglomerate at
91.4 m of measured section), note sharp bottom and top contact, B) Outcrop log of the
Hasler Creek conglomerate, C) Skolithos within facies 9 from the TRF 81-108 core from
the Hasler Creek area (Box 108).
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Interpretation
On a low gradient ramp, gravel is not transported seaward of the shoreface (Davis
1985). Consequently, pebbly sandstone and conglomerate of facies 9 is interpreted to
have been originally deposited at the shoreline.
The interstratification of fine-grained and very coarse-grained lithologies present
in some intervals of facies 9, seem to imply very different energy levels and processes.
Contrasting lithologies may be explained by the repetition of high-energy and low energy
events. Coarse-grained material could have been delivered at the peak of storm by stormgenerated rip-currents to deeper water and subsequently blanketed by mudstone bed
during the waning of storm. The upward decrease in the proportion of mudstone relative
to conglomerate is interpreted to represent shallowing and more frequent wave-reworking
that prevented mud accumulation in the upper part of the conglomerate bed as the
shoreface prograded.
The inversely graded F3-F2-F1 microfacies sequences, in the muddier, lower part
of facies 9 units, suggest a gradual increase in flow strength during the deposition of each
bed. Such inversely-graded and inverse-to-normally graded sand beds are typical for
hyperpycnite flows close to a river mouth (e.g. Mulder et al. 2003; Soyinka and Slatt
2008). Massive or cross-bedded pebbly sandstone and conglomerate, with some
bioturbation is interpreted to have been deposited on a gravelly shoreface (e.g. Plint
1988; Pattison and Walker 1992).
The clast-supported conglomerate texture and gravel ripples on the top surface of
facies 9 units are interpreted to be a result of wave reworking (e.g. Bourgeois and
Leithhold 1984). Wave erosion during a transgression would have resulted in the
concentration of pebbles to form a clast-supported texture, and presumably would have
removed the uppermost portion of a shoreface, including possible evidence of subaerial
exposure (e.g. Plint 1988). Due to transgressive erosion of the upper portion of facies 9
unit, the contact with overlying offshore facies 1 and 2 is abrupt. In the Hasler Creek
area, outcrop to outcrop correlation of units of facies 9 to transgressive lag deposits
(facies 11) and flooding surfaces, revealed that some of units of facies 9 could be missing
due to very localised deposition or to have been completely eroded by a subsequent
transgression.
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Similar, trimodal mud-sand-conglomerate facies were distinctive for the Cardium
Formation lowstand deposits (Plint 1988).

6.2.10 Facies 10: Clast-supported conglomerate (Gravel filled valley)
A single example of facies 10 was observed in the Hasler forestry road section
(Fig. 6.19 A, Fig. 6.20 – folded in pocket). The following description is based on the top
4 m of the conglomerate body - and may not be representative of the lower part which
form an inaccessible vertical face (see Photos). Facies 10 consists of clast-supported
conglomerate that sharply overlies SCS sandstone (facies 6) the contact with overlaying
facies was not exposed. Pebbles average 4-6 cm in diameter, are well sorted, and are
commonly imbricated (Fig. 6.19 E). Facies 10 forms a unit up to about 20 metres thick
and approximately 500 m wide. The conglomerate pinches out from 20 metres to nothing
in about 300 m distance. Internally, the conglomerate body is composed of 0.5-1.5 m
thick gravel sheets that are inclined at up to 240, most accretion surfaces can be traced
through the entire thickness of the conglomerate (Fig. 6.19 A, B and Fig. 6.20 – folded in
pocket). The top 1 meter of the conglomerate contains rare lenses of trough cross-bedded
pebbly sandstone (Fig. 6.19 D). In the upper portion of the succession a log 1 m in length
and 30 cm wide was found (Fig. 6.19 F).
(next page)
Figure 6.19 Clast-supported conglomerate from Hasler forestry road section: A)
Overview of 15 metre high cliff of clast-supported conglomerate, note large accretion
surfaces dipping left to right across the cliff, B) Close-up of the top conglomerate; note
that succession comprises 0.5-1.5 m thick gravel sheets, C) Clast-supported
conglomerate, green pen is 15 cm long, D) Localized lenses of trough cross-bedded
pebbly sandstone within clast-supported conglomerate, note squeezed coaly material
shown by yellow arrow, E) Well sorted and imbricated gravel (arrows), 25 cent coin for
scale, F) Log impression (red arrow) in the upper portion of conglomerate: the log is 1 m
long and 30 cm wide.
Note: photos B-F from the top 4 m of the conglomerate body - and may not be
representative of the lower part that forms the inaccessible vertical face (see picture A).
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Interpretation
The lenticular geometry, about twice larger erosional truncation (up to 20 m)
compared with a single channel (facies 13: 5-10 m thick), and the basal erosion surface
(cutting into SCS sharp-based sandstone) suggests a gravel-filled valley. Clast-supported
texture, pebbles imbrication and laterally accreted fill are interpreted to represent rapid
deposition. Because gravel accretion surfaces were not accessible, it was difficult to
formulate a detailed interpretation, however it is presumed that this facies was deposited
as gravel sheets from rapidly flowing water. Localized conglomeratic channel-fills were
observed by Varban and Plint (2008b) in the most proximal sections of the Kaskapau
Formation, however were about half the thickness of those observed in this study.
Modern examples of gravel river deposits were described from New Zealand by Browne
(2002) and Leckie (2003).
Stratigraphically, the bottom of the conglomeratic unit is interpreted to correlate
to the pebble bed that lies on BFSM erosion surface. The BFSM conglomerate, is
interpreted to represent a basin scale shallowing. This may support an interpretation that
the 20 m thick conglomerate filled an incised valley eroded prior to deposition of the
conglomerate in response to relative sea level fall.

6.2.11 Facies 11: Thin pebble bed (Transgressive lag)
Description
Facies 11 consist of thin (1-50 cm thick) beds of small pebbles and granules that
erosionally overlie a wide range of facies (Fig. 6.21). Pebbles are typically well-rounded
and consist primarily of chert and quartz. Typically, facies 11 sharply overlies mudstone
(facies 1 or 2) or less commonly, middle shoreface facies (facies 5), and is overlain by
mudstone of facies 1 or 2. Less commonly, and only in the Hasler Creek area, a pebble
lag overlies tidally-influenced channel (facies 15) and was overlain by lagoonal mudstone
(facies 14).
Conglomerate lags are usually structureless, however in some locations the top
surface is molded into coarse sand or gravel wave ripples that are up to 8 cm high and
with a wavelength of 70 cm (e.g. Fig. 6.1 B, 6.21 C). The pebble lag from the Hasler
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Creek area formed 20-25 cm thick conglomerate bed, with gravel ripples, that sharply
overlies pebbly sandstone of a tidally influenced channel.
Some thin pebble beds could be traced over large areas. For example, a thin
pebble bed overlies theBFSM erosion surface and can be traced at least 120 km eastward
into the basin. In distal locations such as SC the pebble bed is under-and overlain by
distal shelf facies 1.
Bioturbation is present in some examples of facies 11, including gravel filled
Gastrochaenolites, Skolithos, and ?Zoophycos burrows of the Glossifungites ichnofacies
(Figs 6.21 A-B).
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Figure 6.21 Transgressive lag (facies 11) from Hasler forestry road section 180 m: A)
Gastrochaenolites burrow and B) ?Zoophycos burrow, C) Gravel ripples on the top
surface of transgressive lag (interpreted to correlate to the BFSM erosion surface, Wilder
Creek section) D) Siliclastic lag marking the VE3 surface the TRF 81-108 core (Box
191).
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Interpretation
The presence of a pebble bed in the middle of distal shelf facies (facies 1) raises
the question how the gravel was transported onto the marine shelf. As previously
discussed (in the interpretation of gravelly shoreline deposits: Chapter 6.2.9), on a
shallow marine ramp gravel transport is restricted to the high-energy shoreline.
Therefore, a sea level fall and basinward migration of shoreline and rivers provides the
most reasonable explanation for transportation of gravel at least 120 km basinward.
However, facies 9 forms only 1-25 cm-thick pebble beds, which are much thinner than
those expected for a gravelly shoreface or river deposit. The thin gravel beds are
interpreted as ravinement lags that resulted from wave-reworking of lowstand gravelly
shoreface deposits (e.g. Plint 1988). The presence of gravel ripples supports the
interpretation of wave-reworking during the transgression (Leckie 1988a; Hart and Plint
1989, 1995). The transgressive nature of lags is also supported by the fact that
conglomeratic lags are typically sharply overlain by transgressive mudstone. The
presence of infill palimpsest of firmground burrows of the Glossifungites ichnofacies was
found to be commonly present under transgressive pebbly lags (e.g. MacEachern et al.
1999; MacEachern and Hobbs 2004), and interpreted to record borrowing in firm but not
lithified substrate (e.g. MacEachern et al. 2005).
In summary, a pebble lag of basin-wide extent represents a very significant
surface. In sequence stratigraphic terminology, a pebble lag may represent the
amalgamation of three key surfaces: a sequence boundary, a transgressive surface of
marine erosion and a flooding surface.
The rare example of a pebble lag found on the top of a tidally influenced channel
deposit is interpreted to represent the wave-reworked upper portion of tidally-influenced
channel deposits during transgression (facies 15). It is also interpreted that, due to the
restricted extent of facies 16, such a lag would be expected to have limited areal extent.

6.3 Facies association 2: Coastal Plain and tidally-influenced facies
The coastal plain and tidally-influenced facies association is restricted to the most
westerly part of the study area (Fig. 6.22). Based on outcrop observations, this facies
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association was divided into four facies which represent non-marine and tidallyinfluenced environments. Coastal plain facies (facies 12-13) are only well developed in
the unnamed ridge east of Mt. Belcourt (herein called ‘Mt. Belcourt’ for simplicity), and
on some poorly-exposed portions of Dokie Ridge. Tidally-influenced facies (facies 1415) are only known from Mt. Belcourt, on Dokie Ridge, the TRF 81-108 core, and from
outcrops from the Hasler Creek area.
This facies association is restricted to the lithostratigraphic Goodrich and Sikanni
formations. Because non marine facies are not well represented in the study area, they are
described in a more synthetic manner than the marine facies, in which several individual
facies are grouped into broader packages of related facies, such as 'non-channelized
coastal plain'.
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Figure 6.22 Aerial photo of the section immediately east of Mt. Belcourt. The bottom
portion of the section represents marine facies of the Hasler Formation; the upper portion
of the section (~220 metres) is the Goodrich Formation and is dominated by non-marine
facies (anastomosed river channel deposits, outlined in yellow, tide-influenced channels
outlined in grey). Photo credit A. Guy Plint (2006).
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6.3.1 Facies 12: Non-Channelized Coastal Plain
Description
Facies 12 was present only on some poorly-exposed portions of Dokie Ridge
section and on Mt. Belcourt, where non-channelized coastal plain facies form the bulk of
140 m thick lower part of succession of terrestrial deposits. Within this succession, 6
fluvial channels-fills (facies 13, visible on Fig. 6.22) can be observed to erode into facies
12 deposits. The coastal plain succession is overlain by lagoonal mudstone and tidallyinfluenced channel (facies 14 and 15, Fig. 6.22).
Non-channelized coastal plain facies include several lithologies that are organized
into few metre-thick gradual upward-shoaling successions, and rare thin sandstone
sheets that are inter-stratified with the upward-shoaling successions (Fig. 6.23 A).
Typically the upward-shoaling successions are 4-6 m thick and several similar
successions may be stacked. An upward-shoaling succession may overlie a fluvial
channel-fill (facies 13). Typically, an upward-shoaling succession starts with a 20 to 50
cm thick coaly mudstone (overlying a 20 cm thick coal bed in one example). Coaly
mudstone is laminated, dark grey to black, and is clay rich. Coaly mudstone contains
mostly coalified plant material and is not bioturbated. Coaly mudstone is typically
overlain by 0.5 to 3 m thick muddy siltstone grading up into very fine muddy sandstone.
Typically, the top 20 – 30 cm of the muddy sandstone is more sideritic, (bioturbated),
rooted, and may contain dinosaur track casts. The texture of the mudstone is commonly
blocky and colour is grey-green to pale yellow. The transition to overlying rubbly
mudstone is gradual. Rubbly mudstone is typically 1 to 4 m thick (Figs 6.23 and 6.24)
with a gradational change of colour from darker grey, to grey-green and pale yellow
without a change in grain size (Fig. 6.24). This colour change is accompanied by an
increasingly rubbly weathering texture. The upper portion of rubbly and yellowweathering mudstone usually contains siderite nodules and small, mm- to cm-long
carbonaceous root structures.
Thin sandstone sheets are tabular, 5- 30 cm thick, and are organized into 1 - 2.5
m thick bed sets. Sedimentary structures include unidirectional current ripples and crossbedding. Typically, thin sandstone sheets have sharp bottom and top contacts with rubbly
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mudstone and typically have mud clasts at the base (Fig. 6.23B). The lateral extent of
sandstone sheets is up to a few hundred metres as they pass laterally into rubbly
mudstone. The top surface of sandstone sheets is usually intensely rooted. Dinosaur track
casts are commonly preserved on the basal surface of a sandstone sheet.
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Figure 6.23 Non-channelized coastal plain facies (facies 12) from the section
immediately east of Mt. Belcourt. A) A portion of paleosol dominated succession with
crevasse channel deposit and coaly mudstone (397-400 m), B) Crevasse channel in
paleosol succession, backpacks for scale. Photo credits A. Guy Plint (2005).
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Figure 6.24 Paleosols from the section immediately east of Mt. Belcourt, note distinctive,
sharp color change (at head level of the person in blue jacket) from darker grey, to greygreen and pale yellow interpreted to represent a transition from poorly-drained to betterdrained conditions.
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Interpretation
Upward-shoaling successions are interpreted to represent the fill of both shallow
floodplain lakes, and, perhaps poorly-drained areas between channel levees. The basal
part of a succession with coal/coaly mudstone is interpreted to represent poorly drained
freshwater lakes on a coastal plain. Fine lamination suggests that coaly mudstone was
deposited in a quiet lake lacking significant wave or current influence, and receiving only
fine-grained sediment, phytodetrital material and algae.
The upward gradation from siltstone to muddy sandstone, coupled with the
abundance of organic matter, lack of pyrite, common root and dinosaur bioturbation of
the top surface, is interpreted to record the gradual filling of a shallow freshwater lake or
wetland (e.g. McCarthy and Plint 1999; Rylaarsdam et al. 2006). The uppermost portion
of the shoaling succession has a yellow colour and more blocky structure compared with
the darker and more laminated lower part of the upward-shoaling successions. Yellow,
blocky and mudstone represents better drained paleosols, which were deposited during
times of slow flood plain aggradation, or deposited on clastic-starved interfluves
(McCarthy and Plint 1999, 2003). The blocky structure is a result of pedogenic
modification of mudstone by root bioturbation and possibly wetting and drying cycles
(e.g. Retallack 1997).
Thin sandstone sheets are rare and typically forms interbeds with rubbly
mudstone. The sharp, planar basal contact, presence of sedimentary structures attributable
to unidirectional currents, and overall lenticular geometry suggest that the thin sandstone
sheets represent crevasse splay deposits (e.g. Smith and Pérez-Arlucea 1994; Cazanacli
and Smith 1998; Aslan and Autin 1999; McCarthy and Plint 1999; Farrell 2001).
Crevasse channels and associated fan-shaped splays are formed on a floodplain when a
river breaks through its levee, typically during a flood (e.g. Bridge 2003).
Characteristically, crevasse splay sediment thins away from the levee and interfingers
with floodplain mudstone. Thin lenticular cross-bedded sandstone bodies with low
width:depth ratio are interpreted to represent crevasse channel deposits on a levee (e.g.
Farrell 2001; Brierley and Fryirs 2005).
In general, non-channelized coastal plain facies lack coal. In order to accumulate
coal a low rate of clastic sedimentation and a local water-table rise is necessary that led to
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poorly-drained conditions and the accumulation of organic matter under anaerobic
conditions (e.g. McCabe and Parrish 1992; Rylaarsdam et al. 2006; Nichols 2009). The
general absence of coal in the studied sections could be due to a high rate of
sedimentation and lack of a permanently high water table which inhibited peat
accumulation. Similar interpretation for the absence of coal in coastal plain deposits was
inferred by Rylaarsdam et al. (2006) and Varban and Plint (2008a) for the non-marine
portion of the Turonian Kaskapau Formation.

6.3.2 Facies 13: Channelized Coastal Plain
Description
Facies 13 is present only in the section on Mount Belcourt. Facies 13 is
dominated by cross-bedded sandstone. A typical package is medium- to coarse-grained
and cross-bedded in the lower part and grades up to fine- to very fine-grained sandstone
with unidirectional current ripples in the upper portion. Facies 13 is typically 5-10 m
thick, lacks lateral-accretion surfaces, and has cross-sets typically between 20 and 50 cm
thick (Fig. 6.25). Bodies of facies 13 pinch out over about 100-200 m (with width:depth
ratio between 10-15, Fig. 6.22). Facies 13 is encased into non-channelized coastal plain
deposits (facies 12) and the bottom contact is erosive and sharp. Groove marks are locally
present on the basal surface. Mud clasts, usually sideritized, or chert pebbles are also
present in the base of some units of cross-bedded sandstone (Fig. 6.25 C). Wood debris is
locally preserved throughout facies 13. Some parts of facies 13 have liquefaction
structures that form convolute lamination (Fig. 6.25 B). Paleocurrent evidence, obtained
from 4 channel-fills indicates unidirectional flow towards NW-NE (Fig. 9.21).
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Figure 6.25 Anastomosed river channel deposits (facies 13) in the section immediately
east of Mt. Belcourt: A) Sets of trough cross-bedded fine-grained sandstone, B) Large
soft sediment deformation within facies 13, C) Massive, medium-grained sandstone with
pebbles at the base of facies 13 succession. Photo credits A. Guy Plint (2005 and 2006).
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Interpretation
Thick, lenticular bodies of cross-bedded sandstone with evidence of unidirectional
paleoflow are interpreted as fluvial channel deposits (e.g. Miall 1996, 2006; Bridge
2006). The thickness of individual channel-fill successions, the gradational upward
change in grain size, sedimentary structures, and lack of lateral-accretion surfaces suggest
vertical accretion in non-migrating channels. The lack of evidence for lateral channel
migration and low W/D ratio is typical for anastomosing rivers (e.g. Smith 1986; Rosgen
1994; Makaske 2001; Makaske et al. 2009). In a typical channel-fill succession, the
bottom contact is erosive. Cross-bedded sandstone represents migration of dunes on the
channel bed. The gradational-upward fining of sediment indicates passive channel fill and
flow decrease until the channel was completely abandoned. The top rooted surface
indicates plant colonization after the channel was abandoned. Liquefaction structures
suggest rapid deposition of sediment which trapped a lot of porewater. Sediment
deformation can be triggered by sediment loading or by an earthquake (Collinson and
Thompson 1989).

6.3.3 Facies 14: Lagoonal mudstone
Description
Because of its high clay content and recessive-weathering nature lagoonal
mudstone was typically poorly exposed. Facies 14 is present only in the Hasler Creek
area (TRF 81-108, Hasler forestry road section) and in the section on Mount Belcourt.
Lagoonal mudstone consists of dark grey silty clay with scattered beds of bivalves
including: Brachidontes, Corbicula, Corbula, Ostrea (some preserved still articulated),
gastropod (?Viviparus) and some fish scales (Fig. 6.26). Units of facies 14 are typically 5
- 10 m thick. Facies 14 has very limited lateral extent, none of the lagoonal mudstone
bodies can be traced to adjacent sections. Units of facies 14 overlie either tidallyinfluenced channel facies (facies 15) or surf zone and beach facies (facies 7), and
typically are overlain by a tidally influenced channel-fill (facies 13) or thin pebble lag
(facies 11).
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Typically, units of lagoonal mudstone are organized into upward-shoaling
succession that starts from coal/coaly mudstone and grade into siltstone and sandstone.
Sandstone and siltstone beds are 5 – 10 cm thick beds with current ripples, mm-scale mud
drapes and some vertical mud-filled burrows (2-3 mm in diameter). The top surface of an
upward-shoaling succession may be rooted, dinoturbated and with some siderite nodules.
Some 20 - 30 cm thick beds of oyster shells in medium sand were observed in lagoonal
mudstone in the section on Mount Belcourt (Fig 6.26 A).
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Figure 6.26 A) Oyster bed, facies 14 (Photo credit A. Guy Plint, 2006) B) Dark mud
drapes in facies 14 (the TRF 81-108 core, box 52) C) Close up of Corbicula bivalve shell,
the core diameter is 8 cm, D) Lagoonal mudstone in outcrop, note molds of bivalve
shells, a dollar coin for scale (Hasler forestry road section: 202 m).
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Interpretation
The abundance of mudstone and articulated bivalve shells suggest a low energy
depositional environment for facies 14. The macrofaunal assemblage is similar to that
found in facies 14 and typical of brackish lagoonal environments (e.g. Sha et al. 2006;
Varban and Plint 2008b). Coaly mudstone intervals are interpreted to represent times of
very low clastic input, whereas bioturbated silty sands are interpreted to represent time of
higher sediment influx.
Sandier upwards successions of rippled sandstone beds with rooted tops are
interpreted to represent lagoonal deltas (e.g. Elliott 1974; Rylaarsdam et al. 2006; Varban
and Plint 2008b). Oyster beds are interpreted to represent oyster banks.
Modern lagoonal deposits are common along transgressive shorelines (e.g. Kraft
1978; Hartl 2006). Preservation of facies 14 (and 15) would have been favoured by high
subsidence rate and/or high sedimentation rate.

6.3.4 Facies 15: Tidally-influenced channel
Description
Tidally-influenced channel facies consists of 2-8 m thick packages of trough
cross-bedded, medium- to fine-grained sandstone; rarely some beds consist of coarsegrained sandstone with small chert pebbles. Individual sets of cross-bedded sandstone are
20-40 cm thick (maximum 70 cm) with unimodal or bimodal paleoflow direction (Fig.
6.27). Reactivation surfaces and sigmoidal cross-bedded sandstone were observed in
some portions of facies 15 (e.g. Figs 6.27 B). Locally, cross-bedded sandstone is
interbeded with mudstone or parallel laminated sandstone beds with mud-silt drapes and
some current ripples. Some scattered oyster shells, plant debris, and wood fragments
were occasionally present in facies 15.
The bottom contact of facies 15 is always sharp and erosional with a coarsergrained lag, or sideritized mud intraclasts. Tidally-influenced channel facies was
observed to cut into hummocky cross-stratified sandstone (facies 5), non-channelized
coastal plain facies (facies 13), and lagoonal mudstone (facies 14). The top portion of
facies 15 unit may be rooted, and typically is overlain by facies 14. Less commonly,
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facies 15 was sharply overlain by pebble lag (facies 11) or by distal or mid shelf
mudstone (facies 1 or 2).
Bioturbation is present in some portions of facies 15 and typically is low to
moderate. The most commonly observed trace fossils included: Macaronichnus,
Skolithos, Teredolites, and Thalassinoides.
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Figure 6.27 Examples of cross-bedded, tidally influenced channel deposits, Hasler
forestry road section 206-208 m, C) Sigmoidal cross-stratification in tidally influenced
channel-fill indicated by red arrows (Hasler forestry road section 118 m).
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Interpretation
Bidirectional cross bedded sandstone, reactivation surfaces and mud drapes
indicate deposition of facies 15 in a tidally influenced environment. Large and coarsegrained cross-bedded sets indicate strong and concentrated flow. Gradual fining upwards,
and rooted top observed in facies 15, is interpreted to represent the fill of a tidallyinfluenced channel. Several sedimentary structures support interpretation that channels
were influenced by tidal currents. The presence of mud drapes is one of the diagnostic
structures deposited by tidal currents (e.g. Nio and Yang 1991; Dalrymple 2010).
Sigmoidal cross-bedded sandstone is interpreted to represent tidal bundle sequences
which are produced by tidal neap-spring sequences (e.g. Boersma and Terwindt 1981;
Shanley et al. 1992; Dalrymple 2010; Davis and Dalrymple 2012).
The general low bioturbation rate indicates brackish-water settings. Examples of
Macaronichnus ichnofossils were found by Clifton and Thompson (1978) in clean sands
of shoreface environments.

6.4 Facies associations and depositional systems tracts

Fifteen facies, defined earlier in this chapter as representing process-related
environments, can be grouped into larger associations. In this chapter, facies associations
were grouped according to the definition of a depositional systems tract (Brown and
Fisher 1977), as an assemblage of contemporaneous depositional systems that are
genetically linked. Depositional systems tracts were defined based on character and
architecture of facies assemblages, depositional setting (e.g. marine, non-marine),
bounding surface types (e.g. gradational, erosional), inferred accommodation/sediment
supply ratio, and the nature of depositional systems tracts below and above. On this basis,
the facies of the Upper Fort St. Group were grouped into five facies associations (A-E):
1) ‘normal’ gradational-based, regressive shoreface facies association A, 2) sharp-based
shoreface

facies

association

B,

3)

lowstand

and

transgressive,

coarse-

grained/conglomeratic facies association C, 4) marginal marine facies association D, and
5) coastal plain facies association E.
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6.4.1 ‘Normal’, gradational-based regressive marine facies association A (HST/LST)
The gradational-based marine facies association is the facies association most
commonly observed throughout the study area. Consequently, vertical and lateral facies
(environments) change in this depositional system can be related through Walter’s Law
of succession of facies (Fig. 6.28). Facies association A is interpreted to represent coastal
progradation during ‘normal regression’ (Helland-Hansen and Martinsen 1996, Chapter
2.9.3). Normal regression may occur during both the LST and during the HST, when the
rate of sea level rise is low and is exceeded by the rate of sediment supply (e.g.
Posamentier and Allen 1999).
The succession of facies in association A starts with dark laminated mudstone
(facies 1: distal shelf) that grades upward into dark laminated to bioturbated silty
mudstone (facies 2: mid shelf), heterolitic sandstone (facies 3: stressed inner shelf) or
bioturbated muddy sandstone (facies 4: non-stressed inner shelf), hummocky crossstratified sandstone (facies 5: lower shoreface), swaley cross-stratified sandstone (facies
6: middle shoreface), and rooted, parallel laminated and cross-stratified sandstone (facies
7: surf zone and beach). A complete suite of facies association A is typically about 15 m
thick (maximum ~50 m thick). Typically, the top and bottom of a succession are
constrained by marine flooding surfaces or rarely, and in the west, association A may be
sharply overlain by facies associations B, C or E. In distal shelf locations (e.g. Grand
Haven) facies variability is small and dominated by repetitive successions of facies 1
grading up to facies 2, or is dominated entirely by facies 1 (Fig. 6.28, profiles ‘B’ and
‘C’). Although the grain size change within distal successions is small, flooding surfaces
are detectable in well-logs, particularly by resistivity. Most of the flooding surfaces have
a very persistent resistivity signature and can be traced over the whole study area.
In log cross-sections facies association A shows no geometrical evidence for the
development of a distinct downlap surface, and there is no evidence that the shelf had a
sigmoidal geometry with a recognizable rollover to a 'prodelta' slope. The geometry of
markers in the subsurface suggests a ramp-like geometry and an abundance of waveformed structures in outcrop (hummocky and swaley cross-stratification, wave and
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combined flow ripples, graded beds), indicate a strongly storm-influenced shelf. The
lateral distribution of marine facies is summarized in Fig. 6.29.
The variable degree of bioturbation in gradational-based marine facies association
A was controlled by numerous factors which may have included the oxygen content in
the water, salinity and turbidity, sedimentation rate (MacEachern et al., 2010). The
presence of localised points of fluvial input may have resulted in a laterally-variable
degree of bioturbation between non-bioturbated facies 3 and bioturbated facies 4. The
degree of bioturbation is interpreted to have been controlled by environmental stress
generated by the proximity to a river mouth (e.g. Bann and Fielding 2004).
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Figure 6.28 A) A summary of vertical and lateral relationships in an idealized succession
of Facies Association A, FS = marine flooding surface. The ‘normal’, gradational-based,
facies succession is interpreted to be a record of normal regression. The cross-section is
oriented west-east and approximately parallel to the depositional dip of the Upper Fort St.
John Group rocks.
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Figure 6.29 Generalized lateral facies distribution. The interpretation is drawn along the
FB3 surface that is inferred to represent shallowing and shoreline progradation during the
HST/ FSST. Panels above the cross-section represent facies 6, 5, 4, 2 and 1; sand is
highlighted in yellow. It is interpreted that facies across the entire profile were deposited
above storm wave base.
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6.4.2 Sharp based shoreface, facies association B (FSST)
Facies association B resembles facies in association A except that SCS sandstone
(facies 6) rests erosively on more offshore shelf facies (e.g. facies 2, 3, 4 or 5) or lagoonal
mudstone (facies 14). The abrupt upward grain size increase and the erosional base of
this succession were interpreted to represent a basinward facies shift at a time of forced
regression. The evidence of forced regression in the foredeep of a foreland basin is
inferred to record a time of relative sea level fall (FSST; Plint and Nummedal 2000).
During relative sea level fall the shoreface environment did not have ‘time’ to gradually
adjust, and thus a sharp erosive basal contact was produced (e.g. Plint 1991, Varban and
Plint 2008a, Figs. 6.30 and 6.39).
The sharp-based mid shoreface facies (facies 6, Chapter 6.2.6, Fig. 6.30) were
observed only in the west and only in unit FA and allomember FBa of the Fish Scales
alloformation. This sharp-based mid shoreface facies succession forms the bulk of the
lithostratigraphic Goodrich Formation in the British Columbia Foothills (e.g. in the
Hasler Creek area). The presence of nine sharp-based shoreface sandbodies on Dokie
Ridge suggests the presence of higher frequency relative sea level changes. Typically,
each of the 8-15 m thick, sharp-based shoreface sandbodies can be traced for between 5 25 kilometres into the basin (e.g. Figs. 6.31 and 6.39). In similar depositional settings in a
foredeep succession, sharp-based forced regressive shoreface deposits were documented
by Varban and Plint (2008a) in the Kaskapau Formation, and explained by eustatic sealevel changes on the 125 kyr timescale. The consistent 8-10 metre thickness of stacked
sharp-based shoreface sandstone bodies of the Kaskapau Formation were used by Varban
and Plint (2008b) as a proxy indicator of the water depth into which these shoreface
bodies prograded. The average thickness of sharp-based facies association B from the
present study suggests that eustatic sea level changes were between 8 and 15 metres.
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Figure 6.30 Explanation of sharp-based SCS development in response to relative sea
level fall. Facies profile B represents a sharp-based shoreface sand body. The basal
erosion surface may contain sideritized mud pebbles (mud intraclasts). Facies successions
‘A’ and ‘B’ are commonly seen in the outcrop sections of the study area, panel ‘C’ based
on well log observations and Plint 1991. GC = Gutter Cast. Note that facies profiles A-C
can be related to the facies transition seen on Figure 6.31.
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Figure 6.31 A) The transition from gradational-based shoreface sandstone to sharp-based
sandstone interpreted to represent a forced regressive succession (Facies Association B).
The cross-section is oriented west-east approximately parallel to depositional dip (well
logs selected from line A, Fig. 7.3 in pocket), B) Explanation how inferred eustatic sea
level fall and high flexural subsidence combined to produce the observed rock record.
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6.4.3 Lowstand and transgressive coarse-grained/conglomeratic, facies association C
(LST-TST)
Facies association C consists of coarse, gravel bearing facies interpreted to have
been deposited during lowstand or transgression. Association C is represented by gravelly
shoreface, transgressive lags, and gravel-filled channels. This facies association was
distinguished on the basis of the abrupt superposition of gravel or coarse-grained facies
on finer-grained offshore facies.

Gravelly shoreface and transgressive lags (LST/TST)
Gravelly shoreface deposits (facies 9) were found only in the westernmost
outcrops in the Hasler Creek area, in the TRF 81-108 core, on Dokie Ridge, and in M-20
Creek. Gravel-bearing facies were interpreted to represent high-energy shoreline deposits
(e.g. Davis 1985). Because facies 9 sharply overlies facies deposited in deeper water or
further offshore (e.g. inner-shelf, lower shoreface, river influenced prodelta facies) gravel
shoreface deposits are interpreted to represent relative sea level fall that shifted the
shoreline basinward. The base of a gravelly shoreface is interpreted to represent a
sequence boundary (or the correlative conformity), the top contact is often reworked by
waves during transgression and is interpreted to represent a transgressive surface of
marine erosion. The stratigraphic position of gravelly shoreface deposits between the
sequence boundary and the transgressive surface of marine erosion suggests
interpretation of the gravelly shoreface facies as a maximum lowstand deposit (LST).
Similar interpretations of gravelly shoreface facies were presented in studies of the
Turonian-Coniacian Cardium Formation (e.g. Plint 1988; Pattison and Walker 1992, Fig.
6.32). It is also possible that deposition of facies 9 took place during a pause in the
subsequent transgression (Figs. 6.33-6.34). Such pause in transgression resulted in
deposition of a ‘thick’ unit of facies 9 during a brief progradation of a gravelly shoreface.
Wave scour would subsequently rework the upper portion of the gravel shoreface as the
transgression continued. Some ‘pockets’ of lowstand shoreface (e.g. ‘thin’ units of facies
9, Fig. 6.34) could be also preserved beneath the transgressive surface of marine erosion.
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A series of gravel shoreline ‘steps’, that form subparallel elongate concentrations of
conglomerate, were found in the Cardium Formation and interpreted by Walker and
Eyles (1991) to be deposited during relative stillstand during overall transgression
(Fig. 6. 33).
Deposition of thin pebble lags (facies 11, Chapter 6.2.11) interstratified with shelf
deposits were interpreted as transgressive lags that represent river/gravelly shoreface
deposits that had been wave-reworked during transgression. The presence of chert
pebbles within the pebble lags supports the interpretation that gravel has an extra-basinal
origin and was originally delivered to the basin by rivers during subaerial emergence (e.g.
Plint et al. 1986, Plint 1988, Pattison and Walker 1992).
A cartoon illustration of the steps required to form a transgressive lag is illustrated
in Figure 6.35. In the distal shelf portion of the Upper Fort St. John Group, the general
absence of thick lowstand deposits coupled with the presence of transgressive pebble lags
(which must originally have been lowstand deposits) can be interpreted as a result of
rapid sea level fall followed by rapid sea level rise that caused insufficient time for gravel
to accumulate in incised lowstand shoreface "notches" (e.g. Plint and Norris 1991, Fig.
6.35).
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Figure 6.32 Interpretation of gravel shoreface deposits as a result of maximum lowstand
shoreface progradation (from Plint 1988). Note that facies succession ‘C’ is similar to
‘thick’ facies 9 intervals, an alternative explanation of ‘thick’ facies 9 deposition is given
in Figs. 6.33 and 6.34).
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Figure 6.33 Interpretation of gravel beach deposits as: a result of preservation of
localised ‘pockets’ of lowstand shoreface below the transgressive surface of marine
erosion (‘thin’ units of facies 9, see Fig. 6.34), and as a result of transgression punctuated
by a short shoreface progradation (resulting in deposition of ‘thick’ facies 9 units, see
Fig. 6.34).
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Figure 6.34 Summary of facies relationships across the composite Sequence Boundary
(SB) and Flooding Surface (FS) from Fig. 6.33. Note similarity between the ‘thick’ facies
9 unit in profile 1 and on ‘C’ in Fig. 6.32. Facies profiles based on observations in the
Hasler Creek area.
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(next page) Figure 6.35 Cartoon to illustrate the development of a transgressive pebble
lag in mid- and distal shelf areas in response to a relative fall and subsequent rise of sea
level.
In the first step (1), gravel was delivered by rivers to the shoreline during relative sea
level fell when the shoreline migrated seaward. Due to the ramp geometry a relative sea
level fall (probably order of 10-30 metres) shifted the shoreline tens to hundreds of
kilometres basinward (2). As a result of basinward shoreline migration during falling and
lowstand system tract time, rivers gradient became steeper and gravel was delivered to
the shoreline by rivers. At the same time rivers incised their valleys. During the
subsequent sea level rise waves reworked gravel-bearing regressive shoreface deposits
into a thin lag of gravel (3), and valleys were filled with gravel. During the transgression
(4) the pebble lag is blanketed by mudstone (typically facies 1 or 2).
A chert-pebble veneered erosion surface lies on the BFSM and represents the
most prominent sea level fall in the studied interval. The transgressive lag can be traced
at least 130 km to the east. This pebble lag is present in distal and mid-shelf facies (facies
1 and 2) in the sections at Bear Flat, Wilder Creek, Grand Haven, and Septimus Creek.
The pebble lag indicates the minimum extent of shelf emergence.
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Gravel-filled valley (LST-TST)
One example of a 20 metre deep, gravel-filled valley (facies 10) was found in the
study area (Hasler Creek forestry road section). This lenticular body of conglomerate
fulfills the following criteria diagnostic of valley fills defined by Van Wagoner et al.
(1990) and Zaitlin et al. (1994): (i) facies 10 forms about twice larger erosional
truncation (up to 20 m) compared with a single channel (facies 13: 5-10 m thick), (ii) the
base and the walls of the interpreted valley-fill truncate underlying strata, including
regional markers, (iii) the basal erosion surface is interpreted to correspond to an rooted
exposure surface (e.g. Dokie Ridge section), (iv) The basal erosion surface (cutting into
SCS sharp-based sandstone), is interpreted to correlate to the BFSM erosion surface that
is interpreted to record a basin-wide relative sea level fall (sequence boundary), that
marks an abrupt basinward shift of facies. The basin scale shallowing which caused
valley incision, suggests a relative sea level fall of at least 20 metres (Fig. 6.35). The
conglomeratic valley fill is interpreted to have been deposited during the subsequent
transgression (Fig. 6.35).

6.4.5 Marginal marine facies association D (TST)
Marginal marine facies association D includes lagoonal mudstone (facies 14) and
cross-bedded sandstone representative of tidally-influenced channel fills (facies 15).
Observations of lateral and vertical relationships of this facies association are limited, as
they are only known from Mt. Belcourt, on Dokie Ridge, the TRF 81-108 core, and from
outcrops in the Hasler Creek area (Figs. 6.38 and 6.39). Although observations were
limited, the close spacing (~5 km) between outcrop sections in the Hasler Creek area and
the TRF 81-108 core showed that the lateral continuity of facies 14 and 15 is very limited
and none of the lagoonal mudstone bodies/tidally-influenced channel fills can be traced to
adjacent sections.
The development of tidal channels and lagoonal systems is interpreted to be due
to relative sea level rise (TST), which led to flooding of embayments along the shoreline
(Fig. 6.36). The sharp top contact between marginal marine facies and overlying facies 1
or 2 is interpreted as a marine flooding surface developed during the time of landward
shoreline migration.
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Figure 6.36 A simplified diagram to illustrate lateral and vertical relationships of facies
14 and 15. Marine facies are in blue. Lagoonal mudstone overlies rooted, parallel
laminated and cross-stratified sandstone (facies 7), or tidally-influenced channel fills
(facies 15), and is overlain by tidally-influenced channel fill (facies 15) or nonchannelized coastal plain facies (facies 13). Tidally-influenced channel fills have sharp
lower contacts and cut into hummocky cross-stratified sandstone (facies 5), swaley crossstratified sandstone (facies 6) or lagoonal mudstone (facies 14), and are overlain by nonchannelized coastal plain facies (facies 13) or lagoonal mudstone (facies 14).
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6.4.6 Coastal plain facies association E (high-accommodation, vertically-aggrading
alluvial plain, equivalent to marine TST and HST)
Facies association E was distinguished on the basis of one thick succession (~140
m) of coastal plain deposits that is interpreted to have been deposited during a time when
the rates of accommodation and sediment supply were balanced, resulting in
approximately vertical aggradation of the coastal plain (Fig. 6.38).
The coastal plain facies association includes 'non-channelized’ and channelized
coastal plain deposits (facies 12 and 13). Relationships between facies 13 and 14 are
summarized in Figure 6.37. The depositional environment is interpreted to have been a
low gradient coastal plain with anastomosing rivers flowing across a vast flood plain with
shallow lakes and swamps. These conditions sustained the anastomosing river system for
entire the duration of unit FA of the Fish Scales alloformation.
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Figure 6.37 Facies model for a low gradient, anastomosing river system with flood plain,
river channels (A), shallow lakes (C), and crevasse splays (D). This environment is
dominated by non-channelized coastal plain deposits (facies 12) with some channelized
coastal plain facies (facies 13) encased in facies 12. Facies 12 includes: rubbly mudstone
(paleosols), shoaling-upwards successions (lake fill deposits), and crevasse splay deposits
(thin sandstone sheets).
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Figure 6.38 Diagram to illustrate complex facies and allostratigraphic relationships
between the Mt. Belcourt section dominated by a thick succession of coastal plain
deposits with anastomosing river channel-fills, and the c-12-L/93-I9 well with a marinedominated succession. Two ends of the diagram embody hard data, and the lateral
relationships are based on sequence stratigraphic principles. The magnitude of the
inferred marine transgressions is based on regional mapping. The presence of ~140 metre
thick succession of coastal plain with anastomosing river channel-fills in the Mt. Belcourt
area suggests a long term balance between accommodation and sediment supply that
prevented marine transgression into that area.
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Figure 6.39 Diagram to illustrate complex facies, allostratigraphic relationships and
schematic sequence stratigraphic framework of strata between Dokie Ridge, Boulder
Creek, Hasler Forestry Road, and Hasler Creek sections and the TRF 81-108 core. The
diagram embodies hard data, and the lateral relationships, interpreted sequence
stratigraphic surfaces and system tracts are shown on the diagram. Abbreviations: FS –
Flooding surface, SB – Sequence boundary, RSME - Regressive surface of marine
erosion. Note that surfaces WD1 and FA1 are erosion surfaces but were not called
with an 'E' name.
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CHAPTER 7 – ALLOSTRATIGRAPHY OF THE UPPER VIKING, WESTGATE
AND FISH SCALES ALLOFORMATIONS

Introduction
Well-exposed sections in the British Columbia Foothills, coupled with a large
well-log database in the adjacent deep basin, makes this proximal part of the foreland
basin a natural laboratory in which to investigate the relationship between facies stacking
patterns, stratal geometry, and possible tectonic and eustatic controls. At a basin-scale,
the detailed relationship between the lithostratigraphic units of northeastern British
Columbia (the Hasler, Goodrich and Cruiser formations) and their equivalents in Alberta
(the Shaftesbury Formation) have remained enigmatic since the pioneer work of
Wickenden and Shaw (1943) and Stott (1968). Lithostratigraphy worked well for outcrop
mapping in British Columbia, but on a regional scale the lithostratigraphic divisions
cannot be extended far to the east due to both facies diachroneity and lateral variability.
Therefore, new allostratigraphic correlations, based on tracing allostratigraphic
discontinuities (mostly flooding surfaces) are necessary. The allostratigraphic approach
of Roca et al. (2008) illustrated how marine flooding surfaces, that approximate
chronostratigraphic markers, cross different lithostratigraphic units in cross-sections that
extend from the Canada - USA border to the Alberta - British Columbia border in
township 68. The present study extends this allostratigraphic correlation scheme into the
proximal foredeep in British Columbia in order to illustrate the lateral relationship
between relatively sand-rich proximal facies (Hasler, Goodrich, Cruiser fms.) in the
West, and more mud-rich distal facies (Shaftesbury Formation) in the East.
7.1 Method
An allostratigraphic approach was used to examine the internal stratigraphy and
facies distribution within lithostratigraphic units (Chapter 9). An allostratigraphic
scheme, based on the correlation of marine flooding surfaces, has been employed to
subdivide the up to ~860 m thick Albian-Cenomanian succession into 16 genetic

231
packages (allomembers). Flooding surfaces were identified in both outcrop and
subsurface and were correlated over the study area via a regional grid of well logs.
Almost all flooding surfaces, with the exception of two surfaces that lap out, can be
traced throughout the study area (50 000 km2).
Subsurface correlations were based on 23 working cross-sections, which
collectively incorporated 435 wireline well logs and 23 sections. Seven cross-sections
oriented N-S approximately parallel depositional strike and fourteen cross-sections
oriented W-E approximately parallel depositional dip. Both strike and dip lines were
spaced about 20 kilometres apart (approximately two townships/ranges apart). Twenty
three outcrop sections (including 10 in the Foothills and 13 along the Peace River) were
integrated into the correlation grid. From the correlation lines 15 summary cross-sections
were selected for presentation in this chapter (Figs 7.3-7.18 folded in pocket). Summary
lines include four cross sections oriented N-S (labelled using numbers 1-4), nine crosssections oriented W-E (labelled with letters A-K). A map showing the working
correlation grid is shown in Figure 1.1, and the locations of the summary lines is shown
in Figure 7.2. The Base of Fish Scales Marker (BFSM) was used as a datum. Each well
included in a summary cross-section includes the gamma ray log on the left and the
resistivity log on the right side.
In the far SW portion of the study area, correlation between wells was in places
difficult, due to repeated thrust faults that caused repetition of stratal packages by 10s to
100s of m. In this area, all available wells were used to identify which portion of a well
log represented a repeated stratigraphic section. Such intervals were removed in order to
present the correct thickness of units on the final cross-sections.
An allostratigraphic framework, previously established for the Shaftesbury
Formation in Alberta, by Roca et al. (2008), divided the studied rocks into three distinct
units. These are: 1. allomember VD of the Viking alloformation, 2. The Westgate
alloformation (with informal units WA-WB-WC) and 3. The Fish Scales Alloformation
(with units FA and FB; see Chapter 3 for detailed discussion; Fig 7.1). The bounding
surfaces of these units were traceable throughout the present study area. Due to
thickening of units WA to FB toward the west, a further subdivision of the Westgate
alloformation, with the introduction of unit WD, was necessary. In the proximal sections
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in the Chetwynd area, an erosional surface WE3 was identified (e.g. marked by a
conglomerate at the base of the Goodrich Formation and elsewhere by a distinctive
deflection on the resistivity log). Surface WE3 splits unit WC of Roca et al. (2008) into
unit WC between surfaces WE2 and WE3 and unit WD between surfaces WE3 and FE1
(Fig. 7.1).
A summary of observations from the 23 working cross-section (Fig. 7.2, Figs 7.37.18 in pocket) are presented below in order to describe the general stratal architecture of
the upper Viking, Westgate and Fish Scales alloformations throughout the study area.

Naming scheme
The naming scheme used in this study follows the informal allostratigraphic
scheme used by Roca et al. (2008) to subdivide the Lower Colorado Allogroup. The
Lower Colorado Allogroup was subdivided into alloformations on the basis of regionally
mappable bounding surfaces. Allomembers were named by Roca et al. (2008) using the
established lithostratigraphic names that were applicable over an extensive area (e.g.
Viking, Westgate and Fish Scales alloformations). Each allomember is composed of
several informal “units”. For example, the Westgate alloformation can be divided into
smaller rock packages called “units”. A unit is named by adding a capitalized letter to the
first letter of the relevant alloformation name (e.g. WA, WB WC, and WD etc.). Each
“unit” can be subdivided into smaller packages called “allomembers”, these are the
smallest stratigraphic units recognized in this study. Allomembers are named by adding a
small letter to the unit name (e.g. WAa, WAb, and WAc etc.).
The scheme used to name bounding surfaces was previously used by Plint et al.
(1986, 1987), Boreen and Walker (1991), and Roca et al. (2008). In the original scheme
two main surfaces were designated: subaerial emergence and erosion (“E”) and
transgressive marine reworking surfaces (“T”). All major bounding surfaces (e.g.
alloformation and unit bounding surfaces) used in this study were traced from Alberta
based on the Roca et al. (2008) study. Most of these bounding surfaces are erosion
surfaces (“E”), and typically record a composite subaerial unconformity/transgressive
surface (Roca et al. 2008), for example “WE1” (i.e. Westgate Erosion surface 1). Two
major transgressive surfaces used in the present study also have been previously named:
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the Base of Fish Scale Marker “BFSM” has been widely used as an industry marker
(defined as the “Base Fish” marker), and 2) the Fish Scales Upper “FSU” marker defined
as a prominent surface (a condensed section) by Bhattacharya and Walker (1991). Minor
transgressive surfaces identified in this study are named by adding a number to the
relevant unit name (e.g. WA1, WA2, and WA3 etc.).
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Figure 7.1 Diagram to show the relationship between the lithostratigraphic divisions of
the Upper Fort St. John Group and new allostratigraphic divisions introduced in this
study and by Roca et al. (2008). Previous studies (e.g. Wickenden and Shaw 1943; Stott
1968) divided the Upper Fort St. John Group into the Hasler, Goodrich and Cruiser
formations in the proximal outcrops and subsurface south of Peace River, and into the
Buckinghorse, Sikanni and Scully formations north of the Peace River (Fig. 3.1). In the
Peace River Plains, the Shaftesbury Formation is the mudstone equivalent of the more
sandstone-rich Upper Fort St. John Group (e.g. Stott 1982, Fig. 3.1). Allostratigraphy
modified from the scheme of Roca et al. (2008), lithostratigraphic terminology of Albian
and Cenomanian rocks in the Rocky Mountain Foothills and adjacent Plains of NE
British Columbia based on Stott (1982).
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Figure 7.2 Location map for summary log cross-sections (Figs 7.3-7.17 folded in
pocket). Red arrows indicate the palinspastic restoration of Mt. Belcourt and Deadhorse
Meadow sections.
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Index of cross-sections:

Approximately dip-oriented cross-sections:

Figure 7.3—Line A (in pocket)
Figure 7.4—Line B (in pocket)
Figure 7.5—Line C (in pocket)
Figure 7.6—Line D (in pocket)
Figure 7.7—Line E (in pocket)
Figure 7.8—Line F (in pocket)
Figure 7.9—Line G (in pocket)
Figure 7.10—Line H (in pocket)
Figure 7.11—Line I (in pocket)
Figure 7.12—Line J (in pocket)
Figure 7.13—Line K (in pocket)

Approximately strike-oriented cross-sections:

Figure 7.14—Line 1 (in pocket)
Figure 7.15—Line 2 (in pocket)
Figure 7.16—Line 3 (in pocket)
Figure 7.17—Line 4 (in pocket)
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7.1.1 Approximately dip-oriented cross-sections
The west-east cross-sections are oriented approximately parallel to the regional
dip of the Upper Fort St. John Group rocks. Overall, the studied interval has a wedge
shape which thins gradually from about 800 metres in the west to 240 metres in the east,
over a distance of ~170 km. The thickness change is accompanied by distinctive changes
in the well logs signature. Typically, allomembers thin and become muddier basinward
(eastward), pinching out against adjacent allomembers. The westernmost wells have the
most sandstone-rich signature, in particular, in unit WD, FA and allomember FBa (e.g.
lines F, G and H; Figs. 7.8, 7.9, and 7.10). The well logs in the east are almost entirely
dominated by mudstone, which includes two distinctive highly radioactive mudstone
zones.
Viking allomember VD thins dramatically from west to east. In the north (e.g.
along line A; Fig. 7.3), allomember VD thins from 170 metres in the west to about 30
metres in the east. In the south (e.g. line I; Fig. 7.11) VD thins from 45 metres in the west
to about 20 metres in the east. Toward the east an increase in radioactivity can be
observed in the basal portion of the unit.
The strata of Westgate unit WA shows only very minor thinning toward the east,
and is very minor compared to that seen in allomember VD below. Thinning can be
observed to the north (lines A-D; Figs. 7.3-7.6), whereas in the south (lines E-I; Figs. 7.77.11) the geometry is tabular. Westgate unit WB is also characterized by an almost
tabular geometry, with a slight thinning of the unit to the east. In Westgate unit WC the
geometry is also near-tabular. The WE3 surface is the onset of a major change in stratal
architecture. The rock units between surfaces WE3 and FB3 have a very prominent
wedge-shape and this prominent wedge geometry persists upward into the Westgate unit
WD, Fish Scales unit FA, and Fish Scales allomember FBa. The most prominent
thickening is observed in the far west of each line (e.g. Range 22W6 in the north: lines AD Figs. 7.3-7.6; and Range 20W6 in the south: lines E-I Figs. 7.7-7.11; and). Within the
WE3-FB1 interval eight regional-scale, sandier-upward successions can be observed in
the west. When traced eastward, over a distance 150-200 km these successions become
mudstone-dominated and two to three times thinner. In the west, within the eight
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coarsening upward successions, the lower 4 successions have a progradational stacking
pattern up to surface FA1, above this surface the stacking pattern of sandstone is
retrogradational (e.g. lines F-G: Figs. 7.8-7.10 in pocket). The eastern limit of these
sandstone bodies corresponds closely with the region that shows the most prominent
thickening. Within the lower portion of Fish Scales allomember FBa a brief change in
stacking pattern is apparent as surface FB2 is seen to gradually merge with surface FB1
to the east (Fig. 7.18). As these surfaces gradually merge, a progressive increase in
gamma ray readings can be observed. The merger of surface FB2 with surface FB1 at
about Range 15W6 corresponds to a sharp increase in gamma ray reading which marks
the base of the highly radioactive mudstone zone (e.g. lines A and B: Figs. 7.3 and 7.4;
Fig. 6.4B).
A significant change in geometry can be observed in Fish Scales allomember
FBb. The geometry of FBb is broadly tabular with minor thinning from west to east.
However, the tabular geometry was not long-lived, and the next allomember, Fish Scales
allomember FBc thins rapidly toward the east. The wedge-shaped geometry of FBc is
most prominent in the centre lines (lines F and G: Figs. 7.8 and 7.9; e.g. eastward
thinning from 130 to 40 m on line G, Fig. 7.9) compared to northern lines (e.g. eastward
thinning from 85 – 30 m on line A, Fig. 7.3) and the southernmost lines (e.g. eastward
thinning from 105 - 55 m on line H, Fig. 7.10)
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Figure 7.18 Lap out pattern in Fish Scales allomember FBa along line B, flattened on
FB3 surface (note progressive eastward thinning between FB2 and FB1 surface).
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7.1.2 Approximately strike-oriented cross-sections
The north-south cross-sections approximate the regional strike of the Upper Fort
St. John Group rocks. Overall, on strike-oriented lines, allomembers display much less
significant thickness change compared with dip-oriented lines. The most prominent
thickness change can be observed in the westernmost strike line (line 1, Fig. 7.14). On
this line, the studied rocks thin from 780 m in the north to about 365 m in the south. In
the easternmost line (line 4, Fig. 7.17) change is relatively modest, in which the thickness
of the studied rocks thickens from 310 to 365 m.
Viking allomember VD thins a gradually from 150 metres in the north to less than
10 metres in the south (e.g. line 1, Fig. 7.14). In the north, on line 3 and 4 (Figs. 7.16 and
7.17), a zone of higher gamma ray readings is present in the lower portion of Viking
allomember VD. Toward the south, this radioactive mudstone zone becomes
progressively less prominent and the radioactivity disappears south of township 81 (line
3, Fig. 7.16), and township 72 (line 4, Fig. 7.17).
Westgate unit WA thins gradually from north to south; however the thinning is
not as prominent as in the underlying unit VD. On line 1 (Fig. 7.14), a rapid southward
thinning can be observed across the Peace River. In well a-80-A/94-B-08 north of Peace
River, Westgate unit WA is 86 m thick, whereas 55 km to the south (16-24-79-25W6) the
thickness of WA is only 43 m.
Westgate units WB and WC are much more tabular, and show only minor
southward thinning. This tabular pattern changes in Westgate unit WD, which is tabular
in the north, but which becomes more wedge-shaped in the south (between township 7864 on lines 1 and 2: Figs. 7.14 and 7.15; 76-64 on line 3, Fig. 7.16; and 74-70 on line 4,
Fig. 1.17). Fish Scales unit FA shows little variation in thickness except a minor
thickening between township 74-84 on line 1 (Fig. 7.14), and a minor thickness increase
toward township 69 on line 2 (Fig. 7.15). Fish Scales allomember FBa, between the
BFSM and FB3 surface, shows little change in thickness. Only on lines 1 and 2 (Figs.
7.14 and 7.15) does the thickness of allomember FBa change more significantly. On these
lines, the thickness of FBa increases southward to township 78 (line 1, Fig. 7.14) and
township 69 (on line 2, Fig. 7.15) and then decreases again further to the south.
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A major change in geometry can be observed in Fish Scales allomember FBb,
between the FB3 and FB4 surfaces. In this allomember, the overall geometry is wedgeshaped with gradual thinning from north to south. Another major change in geometry can
be observed in Fish Scales allomember FBc, between surfaces FB4 and FSU. From the
northern limit of the study to townships 81-78 the geometry of FBc is almost tabular.
Further to the south a rapid thickening can be observed to township 76-70, beyond which
the thickness of FBc decreases to the south.
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CHAPTER 8 – DEPOSITIONAL HISTORY AND PATTERNS OF SUBSIDENCE
FOR THE UPPER VIKING, WESTGATE AND FISH SCALES
ALLOFORMATIONS

8.1 Method and introduction to interpretation of isopach maps
Isopach maps, which portray the total thickness of stratigraphic units, were
constructed for all the allostratigraphic units mapped in this study. Data was provided by
435 well logs and 23 outcrop sections. The thickness of each allomember (rounded to the
nearest metre), was entered into an Excel spread sheet and imported into the Surfer 8
software. For construction of radioactive mudstone maps the thickness of the ‘hot’ spike
(API >150 on gamma ray log) was plotted. Maps of both clean sandstone (API<75) and
muddy sandstone (API < 90 API) were created. In Surfer®, isopach, sandstone, and
radioactive mudstone maps were created using Kriging as the default option for
interpolation. In the final stage, the maps were imported into Corel Draw and edited in
order to remove non-geological noise and bull's eyes.
Because the Upper Fort St John Group is characterized by extreme lateral facies
changes, it is not feasible to assess evolving patterns of tectonic subsidence using a
lithostratigraphic approach. Instead, 16 allomembers (Fig. 7.1), defined by prominent,
regionally-traceable stratigraphic surfaces (mostly marine flooding surfaces), have been
used to divide the rocks into genetic packages, the boundaries of which approximate time
planes. The rocks in the studied interval are characterized by strongly cyclical, sandierupward transgressive-regressive successions, typically 5-20 m thick. The flooding
surfaces that bound these successions are readily traceable in subsurface, sometimes for >
400 km, and can be considered to approximate time lines. This proxy chronostratigraphy
provides a basis for facies and paleogeographic mapping.
The sedimentological and stratigraphic evidence (Sections 5.9.4 and 6.4) indicates
that sedimentation in the proximal foredeep was a shallow, low-gradient, stormdominated ramp. Overall allomembers show parallel stratigraphic surfaces, lack of
downlap, no rollover, nor evidence of clinoform geometry. Therefore, isopach maps of
successive allomembers can be interpreted primarily as a record of contemporaneous
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tectonic subsidence rather than as a measure of bathymetric relief. Rock packages (units
or allomembers) fall into two broad geometric categories 1) thick wedges and 2) thin
wedges (Fig. 8.1). Each allomember fines and gradually thins eastward away from the
orogen-proximal part of the foredeep. When combined with the isopach data of Zhang
(2006) and Roca (2007), it can be seen that the wedge-shaped allomembers gradually thin
to the southeast over distances of up to about 800 km and are interpreted to record
diminishing flexural subsidence away from the locus of maximum loading. Regionallyextensive units with more tabular geometry are interpreted to have been deposited during
relatively tectonically quiescent time. Local disturbances of the broad regional flexural
subsidence patterns can be interpreted to be due to the influence of basement structures.
In this chapter, a series of isopach maps will be presented and interpreted in terms of two
main tectonic controls: 1) changes in both the magnitude and orientation of flexural
subsidence and 2) the more localized influence of structures in the Precambrian basement
as shown in Figure 8.2. A more comprehensive interpretation of tectonic controls on
subsidence will be presented in Chapter 9.
Paleogeographic maps for each allomember will be presented in Chapter 9 and
will be interpreted in terms of the interaction of subsidence, eustasy and sedimentation.
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Figure 8.1 Two broad geometric categories observed in units or allomembers scale:
thick wedges and thin wedges, note that the orientation of the wedge can vary,
depending on which unit is being represented.
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Figure 8.2 Map of the main tectonic elements of the study area. Tectonic domains (in
red) in the Precambrian basement are based on regions of differing magnetic intensity
that are visible in the aeromagnetic map (from Ross et al. 1994). The Sukunka High (or
Sukunka Uplift) is a northwest trending, fault-controlled structure that underwent
persistent uplift from the Carboniferous into the Late Permian (Richards 1989). The uplift
formed the southwestern boundary of the Peace River Basin (that existed between
Carboniferous and Triassic time; Richards et al. 1994). The position of the Sukunka High
after Wright et al. 1994. The position of Peace River Arch and Fort St. John Graben after
O'Connell (1994).
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8.2 The total isopach map of the Upper Viking, Westgate and Fish Scales
alloformations
The total isopach map of the entire study interval, comprising the Upper Viking,
Westgate and Fish Scales alloformations portrays an ‘average’, long-term subsidence
pattern. The map shows a wedge-shaped geometry (Fig. 8.3) which thins rapidly from
west to east (from about 800 to 240 metres). The depocentre in the west is interpreted to
be caused by a phase of major loading by adjacent thrust-sheets (e.g. Plint et al. 2012,
Fig. 2.20).
Overall there is rather poor correspondence between any basement structure and
the net subsidence pattern. Only in the northern and central parts of the study area, the
change from more rapid thickness increase in the west to more gradual in the east appears
to coincide to some extent with the boundary between the aeromagnetic Kiskatinaw Low
and an unnamed aeromagnetic high in the west (Figs. 8.3).
Later in this chapter (Sections 8.3-8.5) maps of individual units and allomembers
are presented to portray how the subsidence pattern changed over much shorter intervals
(Fig. 8.4-8.31).
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Figure 8.3 A) Total isopach map of the Upper Viking, Westgate and Fish Scales
alloformations and the total isopach map of the Upper Viking, Westgate and Fish Scales
alloformations with main tectonic elements of the study area. The overall geometry is
wedge-shaped and indicates tectonic loading in the west. The flexural trend is NNWSSE. The thickest part of the map in the west is interpreted to record the ‘average’
position of the foredeep zone. All contours in metres.
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8.3 Viking allomember VD
An isopach map of Viking allomember VD has simple pattern and shows that the
foredeep was located to the west of the study area (Fig. 8.4). The thickness of Viking
allomember VD gradually decreases to the east. The wedge-shaped geometry indicates
flexural subsidence due to active thrust sheet loading immediately to the west of the study
area. A more comprehensive interpretation of tectonic controls on subsidence will be
presented in Chapter 9.
In the lower portion of Viking allomember VD, up to 14 metres of highly
radioactive mudstone was deposited in the northeastern part of the study area (Fig. 8.5a).
The muddy sandstone isopach map (Fig. 8.5b) shows that the upper portion of Viking
allomember VD up to 15 metres of muddy sandstone was deposited in the southwest (e.g.
the Hasler Creek – Dokie Ridge area).
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Figure 8.4 Isopach map of Viking allomember VD and the isopach map of Viking
allomember VD with outlines of with main tectonic elements of the study area. All
contours in metres.
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Figure 8.5 A) Distribution and total thickness of highly radioactive mudstone in the
lower portion of Viking allomember VD, B) Net muddy sandstone isopach map
(cumulative) of the upper part of Viking allomember VD. All contours in metres.
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8.4 Westgate alloformation units WA, WB and WC

8.4.1 Unit WA
The isopach map for Westgate unit WA shows a major change in the subsidence
pattern. The region of greatest subsidence is in the northwest and limited data suggest
another depocentre in the southwestern corner of the study area. Across the centre of the
map, from southeast to northwest, runs a distinct zone of lower inferred subsidence (Fig.
8.6); this zone of diminished subsidence is evident in the isopach maps of Westgate
allomembers WAa, WAb and WAc (Figs. 8.7-8.9) but it is absent in Westgate
allomember WAd (Fig. 8.10). The eastward thinning is not as prominent as in Viking
allomember VD, possibly due to diminished loading by active thrust sheets in the west.
The zone of diminished subsidence does not coincide with any of the terrane
boundaries that are visible in aeromagnetic maps (Figs. 8.7-8.9). Nor does the zone of
diminished subsidence align with the Peace River Arch and Dawson Creek Graben
Complex. East of the study area, in Alberta, Ross and Eaton (1999) found poor spatial
correlation between most of faults in the Peace River Arch area with Precambrian
basement structures.
The trend of the zone of diminished subsidence in allomembers WAa-WAc aligns
broadly with the Sukunka Uplift, which was active from the Carboniferous until the Late
Permian (Richards 1989). The change in the pattern of subsidence between allomembers
WAa-WAc (Figs. 8.7-8.9) could be interpreted to indicate that the zone of diminished
subsidence involved differential movement across a series blocks within the Sukunka
Uplift (Figs. 8.7-8.9).
A more comprehensive interpretation of tectonic controls on subsidence will be
presented in Chapter 9.
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Figure 8.6 Isopach map of Westgate unit WA and the isopach map of Westgate unit WA
with outlines of with main tectonic elements of the study area. All contours in metres.
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Figure 8.7 Isopach map of Westgate allomember WAa, and the isopach map of Westgate
allomember WAa with outlines of with main tectonic elements of the study area. All
contours in metres.
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Figure 8.8 Isopach map of Westgate allomember WAb and the isopach map of Westgate
allomember WAb with outlines of with main tectonic elements of the study area. All
contours in metres.
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Figure 8.9 Isopach map of Westgate allomember WAc and the isopach map of Westgate
allomember WAc with outlines of with main tectonic elements of the study area. All
contours in metres.
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Figure 8.10 Isopach map of Westgate allomember WAd and the isopach map of
Westgate allomember WAd with outlines of with main tectonic elements of the study
area. All contours in metres.
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8.4.2 Unit WB
The map of unit WB shows very little thickness change except local subsidence in
the southwestern corner of the study area (Fig. 8.11). The relatively small change in
thickness across the study area suggests a pause in local thrust sheet activity with the
exception of local subsidence in the SW. A similar subsidence pattern is visible in
individual isopach maps of allomembers WBa-WBc (Figs. 8.12-8.14). A more
comprehensive interpretation of tectonic controls on subsidence will be presented in
Chapter 9.
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Figure 8.11 Isopach map of Westgate unit WB and the isopach map of Westgate unit
WB with outlines of with main tectonic elements of the study area. All contours in
metres.
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Figure 8.12 Isopach map of Westgate allomember WBa and the isopach map of
Westgate allomember WBa with outlines of with main tectonic elements of the study
area. All contours in metres.
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Figure 8.13 Isopach map of Westgate allomember WBb and the isopach map of
Westgate allomember WBb with outlines of with main tectonic elements of the study
area. All contours in metres.
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Figure 8.14 Isopach map of Westgate allomember WBc and the isopach map of
Westgate allomember WBc with outlines of with main tectonic elements of the study
area. All contours in metres.
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8.4.3 Unit WC
The isopach map of Westgate unit WC shows a pattern of subsidence that is
comparable to unit WA. Unit WC shows only minor thickening to the west (Fig. 8.15).
This pattern suggests a pause in local thrust sheet activity. In the southeastern part of the
study area a zone of diminished subsidence is visible; this zone aligns broadly aligns with
the Sukunka Uplift (Fig. 8.15). A more comprehensive interpretation of tectonic controls
on subsidence will be presented in Chapter 9.
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Figure 8.15 Isopach map of Westgate unit WC and the isopach map of Westgate unit
WC with outlines of with main tectonic elements of the study area. All contours in
metres.
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8.5 Westgate alloformation unit WD and the Fish Scales alloformation

8.5.1 Westgate alloformation unit WD
The isopach map of Westgate unit WD indicates a significant change in
subsidence pattern (Fig. 8.16). The wedge-shaped geometry indicates flexural subsidence
due to active thrust sheet loading in the southwest.
The change in the position of the depocentre is visible on individual allomember
maps (Figs. 8.17 and 8.19). In allomember WDa the depocentre is marked by a narrow
zone of flexural subsidence in the Hasler Creek area (Fig. 8.17). In allomember WDb, the
depocentre occupies a wider area between the Hasler Creek area and Mt. Belcourt, and is
interpreted to be a result of active thrust sheet loading in the southwest (Fig. 8.19).
Net sandstone maps for muddy sandstone in allomembers WDa and WDb (Figs. 8.18 and
8.20) shows that the zones of the highest subsidence have the greatest thickness of
'muddy sandstone’, and that during a rapid shift (across a single flooding surface) of the
position of the depocentre between allomembers WDa and WDb, the depocentre of sand
immediate shifted to the new depocentre visible on the isopach map.
A more comprehensive interpretation of tectonic controls on subsidence will be
presented in Chapter 9.
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Figure 8.16 Isopach map of Westgate unit WD and the isopach map of Westgate unit
WD with outlines of with main tectonic elements of the study area. All contours in
metres.
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Figure 8.17 Isopach map of Westgate allomember WDa and the isopach map of
Westgate allomember WDa with outlines of with main tectonic elements of the study
area. All contours in metres.
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Figure 8.18 Net muddy sandstone isopach map (cumulative) of Westgate allomember
WDa. All contours in metres.
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Figure 8.19 Isopach map of Westgate allomember WDb and the isopach map of
Westgate allomember WDb with outlines of with main tectonic elements of the study
area. All contours in metres.
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Figure 8.20 Net muddy sandstone isopach map (cumulative) of Westgate allomember
WDb. All contours in metres.
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8.5.2 Fish Scales alloformation unit FA
The isopach map of Fish Scales unit FA indicates continued flexural subsidence
in the WSW (Fig. 8.21). In contrast to WD, the wedge-shaped geometry occupies the
entire western part of the map. The map of unit FA portrays an ‘average’ subsidence.
Maps of individual allomembers illustrate that the position of the depocentre changed
during deposition of unit FA (Figs. 8.22 and 8.24). In allomember FAa, the depocentre is
located in the northwest and the overall isopach trend is N-S which suggests thrust sheet
loading directly to the west (Fig. 8.22). In allomember FAb the depocentre shifts to the
southwest (Mt. Belcourt area, Fig, 8.24) and the isopach trend is NW-SE implying that
the dominant load was then to the SW. Net sandstone maps for muddy sandstone in
allomembers FAa and FAb (Figs. 8.23 and 8.25) shows that the zones of the highest
subsidence have the greatest thickness of 'muddy sandstone’.
A more comprehensive interpretation of tectonic controls on subsidence will be
presented in Chapter 9.
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Figure 8.21 Isopach map of Fish Scales unit FA and the isopach map of Fish Scales unit
FA with outlines of with main tectonic elements of the study area. All contours in metres.
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Figure 8.22 Isopach map of Fish Scales allomember FAa and the isopach map of Fish
Scales allomember FAa with outlines of with main tectonic elements of the study area.
All contours in metres.

273

Figure 8.23 Net muddy sandstone isopach map (cumulative) of Fish Scales allomember
FAa. All contours in metres.

274

Figure 8.24 Isopach map of Fish Scales allomember FAb and the isopach map of Fish
Scales allomember FAb with outlines of with main tectonic elements of the study area.
All contours in metres.
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Figure 8.25 Net muddy sandstone isopach map (cumulative) of Fish Scales allomember
FAb. All contours in metres.
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8.5.3 Fish Scales alloformation unit FB
The isopach map of Fish Scales unit FB indicates continued subsidence in the
west (Fig. 8.26). The subsidence pattern is similar to that seen in unit FA, with the
wedge-shaped geometry and a depocentre that occupies the whole western part of the
map.
Unit FB is a very thick unit (up to 320 m in the west), and therefore changes in
the subsidence pattern are better portrayed by individual allomembers maps. In
allomember FBa the depocentre is located in the southwest. In allomember FBa a zone of
highly radioactive mudstone (up to 10 metre thick) is present in the northeastern and
eastern part of the study area (Fig. 8.28a). The overall isopach trend of allomember FBa
indicates two distinct flexural trends, in the north the axis of flexure trends almost exactly
N-S, whereas in the south it trends NW-SE (Fig. 8.27). The subsidence pattern is repeated
by the distribution of muddy sandstone in allomembers FBa (Fig. 8.28b) and the sand
isopach map shows that the zones of the highest subsidence have the greatest thickness of
'muddy sandstone’. In contrast, allomember FBb shows only very gradual thickening to
the north, but otherwise lacks evidence of subsidence adjacent to the Cordillera to the
West (Fig. 8.29). This pattern suggests a pause in local thrust sheet activity. In
allomember FBb a zone of highly radioactive mudstone is present in the northeastern part
of the study area (Fig. 8.30). Allomember FBc shows a localized, articulate zone of
subsidence in the SW, with additional minor subsidence to the NW (Fig. 8.31).
A more comprehensive interpretation of tectonic controls on subsidence will be
presented in Chapter 9.
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Figure 8.26 Isopach map of Fish Scales unit FB and the isopach map of Fish Scales unit
FB with outlines of with main tectonic elements of the study area. Note changed contour
intervals compared with the previous maps. All contours in metres.
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Figure 8.27 Isopach map of Fish Scales allomember FBa and the isopach map of Fish
Scales allomember FBa with outlines of with main tectonic elements of the study area.
All contours in metres.
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Figure 8.28 A) Distribution and total thickness of highly radioactive mudstone in the
lower portion of Fish Scales allomember FBa, B) Net muddy sandstone isopach map
(cumulative) of Fish Scales allomember FBa. All contours in metres.
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Figure 8.29 Isopach map of Fish Scales allomember FBb and the isopach map of Fish
Scales allomember FBb with outlines of with main tectonic elements of the study area.
All contours in metres.
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Figure 8.30 A) Distribution and total thickness of highly radioactive mudstone in the
lower portion of Fish Scales allomember FBb. All contours in metres.
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Figure 8.31 Isopach map of Fish Scales allomember FBc and the isopach map of Fish
Scales allomember FBc with outlines of with main tectonic elements of the study area.
All contours in metres.
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CHAPTER 9 – TECTONIC AND EUSTATIC CONTROLS ON
SEDIMENTATION, AND PALEOGEOGRAPHIC EVOLUTION OF THE UPPER
VIKING, WESTGATE AND FISH SCALES ALLOFORMATIONS

9.1 Tectonic influence on sedimentation
A foreland basin is the result of large-scale lithospheric flexure. There are two
main mechanisms that cause flexure in a foreland basin: dynamic loading and static
loading (Section 2.2). Dynamic loading is driven by asthenospheric flow induced by the
down-going plate which produces a drag force on the overlying lithosphere. As a result,
the continental lithosphere gently sags over a wide region (on a scale of ~1000 km; Liu
and Nummedal 2004), which may include the forebulge and back bulge zones. Due to
relatively low total subsidence, dynamic loading creates accommodation which overall
has a sheet-like geometry. In contrast, static load is the result of loading by thrust sheets
that produce a depocenter focused in the foredeep. Therefore, static load promotes the
development of allostratigraphic units with strongly wedge-shaped geometries.

9.1.1 Tectonic phases
Successive isopach maps (Chapter 8) revealed spatial changes in the pattern of
flexural depocentres that in turn must echo the evolving patterns of deformation in the
Cordilleran Orogen. In order to reveal tectonic influence on the scale of the sedimentary
basin, the subsidence pattern visible in isopach maps resulting from this study were
combined with the subsidence patterns of coeval strata in Alberta, revealed by the work
of Zhang (2006) and Roca (2007). These maps, presented in Figures 9.1-9.6, can be used
to determine the location, and possibly the relative magnitude of active deformation in
the fold and thrust belt, based on the geometry of a particular unit. The combined maps
portray lithospheric flexure over a distance of ~800 km (NW-SE). Two main geometries
are present: 1) thick wedges, and 2) thin wedges. Generally, the thick wedge-shaped units
are interpreted to record a phase of active subsidence, whereas thin wedge-shaped
geometries are interpreted to represent a time when tectonic activity was more subdued,
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when subsidence may have been controlled mostly by dynamic loading or by the mass of
a distributed sediment load. Based on this interpretation, the geometry of the Upper
Viking, Westgate and Fish Scales alloformations can be interpreted as the result of two
pulses of flexural subsidence separated by a period of more subtle and subdued
subsidence.
Allomember VD is characterized by a thick wedge-shaped geometry with a
prominent depocentre in the west, and therefore is interpreted to represent flexural
subsidence in response to a nearby load to the West (Figs. 8.4 and 9.1). Unit WA forms a
slightly thinner wedge (Figs. 8.6 and 9.2). This geometric change is interpreted to record
a diminishing tectonic influence in the adjacent part of the Cordillera. Units WB and WC
are characterized by a thin wedge-shape, with the exception of a local depocentre in the
Mt. Belcourt area (in the south, Figs. 8.11, 8.15 and 9.3). This geometry is interpreted to
record much more subdued subsidence in the west. In units WD, FA and FB the
subsidence pattern changes (Figs. 9.4-9.6) to a thick wedge-shaped geometry, with a very
pronounced depocentre in the west. This change is interpreted to record a new phase of
active thrust sheet loading in the west that resulted in rapid flexural subsidence.
The two phases of active thrust sheet advance, separated by a phase of more
subtle and subdued subsidence, can be explained in terms of critical taper theory
(DeCelles and Mitra 1995, Fig. 2.4). The thick, wedge-like geometry of Viking
allomember VD and Westgate unit WA can be interpreted as the response to a thickening
and advancing (supercritical) thrust wedge. The thinner, wedge-shape of units WB and
WC may be interpreted in terms of a degrading (sub-critical) wedge. At the allomember
scale, some maps in the WB-WC interval show sheet-like geometries (e.g. WBa, WBc
and WC: Figs. 8.12, 8.14 and 8.15) and provide evidence for relative tectonic quiescence.
The second phase of thickening of another (supercritical) thrust wedge in units WD, FA,
and FB (Figs. 8.16, 8.21, 8.26 and 9.7), produced the second pulse of subsidence and the
units have a thick, wedge-like geometry.
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Figure 9.1 Isopach map of Viking allomember VD. Data east of 120°W from Zhang
(2006) and Roca (2007).
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Figure 9.2 Isopach map of Westgate unit WA. Data east of 120°W from Zhang (2006)
and Roca (2007).
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Figure 9.3 Isopach map of Westgate unit WB. Data east of 120°W from Zhang (2006)
and Roca (2007).
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Figure 9.4 Isopach map of Westgate units WC+WD (equivalent of unit WC sensu Roca
et al. 2008). Data east of 120°W from Zhang (2006) and Roca (2007).
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Figure 9.5 Isopach map of the Fish Scales alloformation unit FA. Data east of 120°W
from Zhang (2006) and Roca (2007).
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Figure 9.6 Isopach map of the Fish Scales alloformation unit FB. Data east of 120°W
from Zhang (2006) and Roca (2007).
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Figure 9.7 Tectonic evolution of the Upper Viking, Westgate and Fish Scales
alloformations interpreted in terms of the critical taper theory of internal thickening of
thrust wedges (DeCelles and Mitra 1995). The diagram incorporates a time series that
roughly replicates the history of the studied rocks. A) Thickening and advancing
(supercritical) thrust wedge in the west results in a rapid subsidence in the foredeep,
driven primarily by the increased elevation of the mountain range and consequent
isostatic subsidence, B) sub-critical degradation of thrust wedge during tectonically
quiescent time, resulting in diminished subsidence in the foredeep C) further degradation
of thrust wedge allows renewed motion on thrusts (critical  supercritical), however the
erosional unroofing of the thrust belt does not lead to proximal subsidence until
(supercritical) thrust wedge start to move again, causing crustal thickening and isostatic
subsidence beneath the thrust belt. As a result, rapid subsidence in the foredeep allows a
new, thick, wedge-shaped unit to accumulate.
“A” illustrates the deposition of thick wedge-shaped packages such as Viking
allomember VD and Westgate unit WA, “B” illustrates the deposition of thinner wedges
of strata in units WB-WC, and “C” illustrates the deposition of the next thick wedgeshaped units WD, FA, and FB.
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9.1.2 The influence of subsidence rate on sedimentation
Changing rates of tectonic activity influenced the subsidence rate and therefore
had a significant influence on sedimentation. Varban and Plint (2008b) inferred from the
rock record that wedge-like geometries indicated relatively rapid flexural subsidence,
which promoted nearshore trapping of sediment to form highly aggradational geometries
(e.g. the Kaskapau Formation). In contrast, a more sheet-like geometry was interpreted to
indicate a relatively slow rate of flexural subsidence that promoted shoreline progradation
over hundreds of kilometres (e.g. the Cardium Formation). These observations confirmed
theoretical foreland basin models (e.g. Jordan and Flemings, 1991) that predicted
nearshore trapping of coarse clastics during times of rapid flexural subsidence, and
shoreline progradation during periods of slow flexural subsidence.
In the studied interval, the model of Varban and Plint (2008b) would help to
explain a rapid (over ~80 km, Fig.9.8) facies transition from nearshore sandstone to
offshore mudstone, such as is observed in units WD, FA and FB (Fig. 9.8), and a rapid
facies transition between the Mt. Belcourt section dominated by a thick succession of
coastal plain deposits with anastomosing river channel-fills, and the c-12-L/93-I9 well
with a marine-dominated succession (unit FA, Fig. 6.38). These two intervals are
characterized by a thick wedge-shaped geometry, which indicates rapid subsidence in the
west. The trapping of sand by rapid updip subsidence is evident in the west-east crosssections (Figs. 7.3-7.13 in pocket) as well as in the ‘muddy sand’ isolith maps paired with
isopach maps. Sand isolith maps show a very close relationship to the pattern of
subsidence visible in isopach maps (Fig. 9.9). The zones of the highest subsidence have
the greatest thickness of 'muddy sandstone'. The strong correlation between the degree of
subsidence and the trapping of sand is clearly visible during a rapid shift (across a single
flooding surface) of the position of the depocentre between allomembers WDa and WDb,
which is accompanied by an immediate shift in the depocentre of sand (Fig. 9.9).
Units WB and WC have thin wedge-shaped geometries, and hence are interpreted
to represent more subdued tectonic activity. The relatively low rate of subsidence is
interpreted to have promoted shoreline progradation. Shoreline progradation would be
expected to be particularly pronounced when a phase of slow tectonic subsidence was
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combined with a period of eustatic sea-level fall (e.g. Varban and Plint 2008b). Typically,
in a case of slow subsidence, thin and extensive sheets of sandstone would be expected to
have built out into the basin during eustatic fall. However, extensive sheets of shoreface
sandstone are not present in units WB or WC. The lack of regressive shoreface deposits is
interpreted to be due to a relatively low rate of subsidence which did not favour
preservation of shoreface deposits, at this time, the rate of subsidence was insufficient to
lower the deposits below the level of marine ravinement (cf. Fig. 6.35). Consequently,
pebble lags are interpreted to represent regressive shoreface deposits cannibalized and
reworked by subsequent marine transgressions. Therefore, instead of shoreface
sandbodies, thin pebble beds (facies 9) are commonly observed in the west (e.g. the
Hasler Creek area and on Dokie Ridge; Fig. 7.8 in pocket) and provide rather cryptic
evidence of regressions.
Alternatively, the lack of sandy sediments in the WA-WC interval could perhaps
be explained in terms of the reorganization of the drainage pattern due to the renewed
advance of a thrust sheet. Such reorganisation could shift large rivers to other parts of the
basin and the sediment-starved portion of the basin would be fed only by local rivers. The
absence of sand in units WA-WC could be also explained by climate-controlled changes
in sediment supply. A dryer climate would have promoted a lower erosion rate and lower
river discharge, diminishing the sediment supply to the basin. However, the climate
cycles are likely to have operated on a much shorter timespan than allomembers and
units, and therefore are a less plausible explanation for the lack of sand in units
WB and WC.

(next page)
Figure 9.8 Schematic dip-oriented (SW-NE) diagram summarizing broad lateral facies
relationships in the of the Upper Viking, Westgate and Fish Scales alloformations.
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Figure 9.9 Net sandstone maps for muddy sandstone (gamma ray API range of < 90 API,
thickness in metres) paired with the corresponding allomember isopach map representing
thin wedge-like geometries of Westgate allomembers WDa and WDb. Note that the
zones of highest subsidence also have the greatest thickness of 'muddy sandstone’, and
that during a rapid shift (across a single flooding surface) of the position of the
depocentre between allomembers WDa and WDb, the depocentre of sand immediately
shifted to the new depocentre.
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9.1.3 Influence of basement structures on subsidence

Precambrian basement
In general, units that show a large amount of flexural subsidence show little
evidence that the pattern of subsidence was also influenced by deep structural lineaments.
However, at allomember scale, some influence of basement structures might be inferred.
For example, in units FA and FB, the hinge zone between the zone of greater subsidence
in the west and the zone with less subsidence in the east to some extent aligns with the
boundary between the aeromagnetic Kiskatinaw Low and the unnamed high to the west
(Figs. 8.21 and 8.26). On the maps (Figs. 9.1, 9.4, 9.5 and 9.6) that show combined data
(Zhang, 2006; Roca, 2007 and this study), it can be seen that for Viking allomember VD,
Westgate units WC+WD and Fish Scales units FA and FB, the re-orientation of isopach
contours (from NW-SE to S-N) occurs at about 120°W, which to some extent aligns with
the boundary between the aeromagnetic Kiskatinaw Low and the Ksituan High (Fig.
9.10). In general, most of areas show no alignment of flexure with terrane boundary.

Sukunka High
The zone of diminished subsidence observed in allomembers WAa, WAb and
WAc and unit WC broadly aligns with the Sukunka High (Figs. 8.7, 8.8, 8.9 and 8.15). It
is possible that localised thinning in these packages might be attributable to differential
uplift of individual fault-bounded blocks within the Sukunka High, although definite
evidence of such blocks is not available. The influence of the Sukunka High is most
evident during phases when tectonic subsidence appears to have been low, and therefore
the basement structures were able to influence the subsidence pattern more prominently.
It is possible that movement on deep-seated faults was promoted at times of low flexural
stress when faults may have been 'unlocked' and allowed subtle differential offset
between adjacent blocks (cf. Plint and Wadsworth 2006).
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B
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Figure 9.10 A) Map of tectonic domains of the Peace River region (modified from
O'Connell 1994), B and C) Isopach maps of units FA and FB with outlines (in red) of
main tectonic domains.
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9.2 Eustatic influence on relative sea level history for the upper Viking, Westgate
and Fish Scales alloformations
Based on facies interpretation (Chapter 6), cross sections (Chapter 7) and largescale stratal geometries (Chapter 8), the relative sea level history for the upper Viking,
Westgate and Fish Scales alloformations can be interpreted (Fig. 9.11).
During late Albian time, after the major lowstand (with the maximum lowstand
marked by the VE3 surface: Roca et al. 2008) accompanied by valley incision (e.g.
Pattison and Walker 1994), a marine transgression formed the Mowry Sea that, at its
maximum extent, extended from the Boreal Sea in the north to Wyoming in the south,
and from the Cordillera in the west to Manitoba in the east (Schröder-Adams et al. 1996,
Fig. 2.22). The onset of the Mowry Sea transgression takes place at the base of the
Westgate Formation in Alberta, and in the study area is represented by allomember VD.
The transgression was punctuated by a lowstand at the surface VE4 accompanied by
valley incision in west central Alberta (Roca et al. 2008). Units WA, WB and WC record
the continued southward encroachment of the Mowry shoreline, as shown by the isopach
maps (Figs. 9.2-9.4). The transgression was not just one steady sea level rise, but was
punctuated by numerous episodes of relative sea-level fall indicated, for example, by
surfaces VE4, WE1, WE2, and WE3. The transgression recorded by units WA, WB and
WC was followed by two major sea level falls that terminated deposition of units WD
and FA. Sea level fall is inferred from the sharp contacts between the base of unit WD
and the uppermost strata of unit WC, and the base of unit FA and the uppermost strata of
unit WD. These two sharp contacts are interpreted as two major regressive surfaces of
marine erosion. The regression was not steady, but was punctuated by numerous sea level
falls and rises (Figs. 9.11 and 4.4). The lowest relative sea level during this phase of sea
level fall is recorded at the boundary between units FA and FB, which correlates to a
chert-pebble veneered erosion surface that mantles the BFSM surface and represents the
most prominent sequence boundary, close to the Albian-Cenomanian boundary (Fig. 4.4).
The transgressive lag on BFSM can be traced at least 130 km to the east (which indicates
the minimal width of FSST coastal plain). In the studied interval, only one example of a
20 metre deep, gravel-filled incised valley (facies 10) was found (Hasler Creek area Fig.
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6.20) and the basal erosion surface was correlated to the BFSM erosion surface (e.g. Fig.
7.8 in pocket). The valley incision associated with this sea level fall occurred between
units FA and FB that both have a thick-wedge-like geometry (Figs. 8.21 and 8.26) and
hence are interpreted to record a phase of relatively rapid flexural subsidence. Rapid
updip subsidence promoted nearshore trapping of sediment to a form highly
aggradational stacking pattern (e.g. Varban and Plint 2008b). Therefore, the profound sea
level fall recorded by the BFSM surface, which moved the shoreline at least 130 km to
the east must have exceeded tectonic subsidence rate, and suggests that the regression
was due to eustatic sea-level fall. The scale of the eustatic sea-level fall at BFSM can be
roughly estimated using an estimated 1:2500 slope for the FSST coastal plain inferred for
the Dunvegan Formation (Plint and Wadsworth 2003) or 1:6000 slope of the Cardium
Formation shelf inferred by Shank (2012). The interpreted height of the 130 kilometre
width of the coastal plain at maximum BFSM regression was between 52 m (assuming
1:2500 gradient) or 22 m (1:6000 gradient, cf. Section 6.4.2, Fig. 6.35). This magnitude
of sea level fall corresponds well with interpretations from studies from different
locations around the world that have documented a large sea level fall (in the order of 2550 m) close the Albian-Cenomanian boundary (e.g. Haq et al. 1987, Sahagian et al.1996;
Miller et al. 2003, Haq and Al-Qahtani 2005; Koch and Brenner 2009; Figs. 9.12 and
2.22).
The next major marine flooding during deposition of unit FB, records the time
when the Mowry Sea expanded southward (Fig. 9.6) to link up with a lobe of the protoGulf of Mexico (Cobban and Kennedy 1989; the ‘Greenhorn transgression’ of Kauffman
and Caldwell 1993, Fig. 2.22). Unit FB was also punctuated by numerous sea level falls
(Fig. 9.11).
There is little detailed resemblance between the sea level history for the upper
Viking, Westgate and Fish Scales alloformations (Fig. 9.11) and the interpreted eustatic
curves presented in Figures 2.21 and 9.12. This is probably because these other studies
were based on stratigraphic data sets that had much lower resolution than the one
presented here.

However, the broad trend of sea-level change across the Albian-

Cenomanian boundary appears to be consistent between the various studies.
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Figure 9.11 Interpreted sea level history for the upper Viking, Westgate and Fish Scales
alloformations. Because there has been no direct radiometric dating from the studied
interval, the allomembers were dated using Roca et al. (2008) chronostratigraphic
correlations (Fig. 4.4).
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Figure 9.12 Chart illustrating eustatic curves interpreted from the Dakota Fm. on the
eastern margin the Western Interior Seaway, Nebraska, USA (Koch and Brenner 2009),
the Russian platform (Sahagian et al. 1996) and coastal onlap and short-term sea level
curve from the Arabian Plate (Haq and Al-Qahtani 2005). The horizontal bar marks the
D2 sequence of Koch and Brenner (2009) that encompasses the 99.6 Ma. Albian
Cenomanian biostratigraphic boundary (the date after Gradstein et al. 2004). Chart
modified from Koch and Brenner (2009).
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9.2.1 Evidence for eustatic sea level changes in the study area
The stacking pattern of regressive-transgressive successions reveals the interplay
of eustatic fluctuations during a period of high, but variable rate of tectonic subsidence.
The sedimentological and stratigraphic evidence (presented in Sections 5.9.4, 6.4, and
8.1), indicates that the proximal foredeep was occupied by a shallow, low-gradient,
storm-dominated ramp. The ramp geometry would make the record of sea level changes
relatively easy to recognize because a relative sea level fall (probably order of 10-30
metres) would have shifted the shoreline, and facies zones, tens to hundreds of kilometres
basinward (Fig. 6.31). 'Relative sea level change' can be attributed to local tectonism or
eustasy or both (Section 2.6). Eustasy can only be proven by demonstrating synchronous
relative change in two or more distant places. Tectonic influence tends to be
geographically localised (e.g. at the <300 km scale, Plint et al. 2012). Therefore, relative
sea level changes, which have a regional extent (e.g. can be correlated for between 3001000 km) and are occurring on a short geological time scale, are good evidence that
supports eustasy as the primary driving mechanism.
9.2.1.1 Continuity of stratigraphic surfaces across different depozones of the
foreland basin
The stratigraphic surfaces mapped across the studied interval are of regional
extent, and can be correlated for between 300-1000 km (e.g. Fig. 9.1-9.6). This scale is
much larger than the scale on which autogenic processes would be expected to cause
changes in the accommodation:supply ratio (and hence transgressions and regressions),
and therefore the stratigraphic surfaces are interpreted to have been controlled primarily
by allocyclic processes: tectonics and eustasy. Thin (typically 3-10 m thick),
transgressive-regressive sequences that are continuous and in phase from the foredeep to
the forebulge region suggests eustatic control on sea level change (e.g. Plint and Kreitner
2007), because sequences triggered by flexural subsidence tend not to be continuous or in
phase along strike, and not continuous from the foredeep to the forebulge (e.g. Krystinik
and DeJarnett 1995; Catuneanu et al. 1997).
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9.2.1.2 Significance of pebble beds and sharp-based shoreface deposits
In units with a thin wedge-like geometry (units WB and WC), which are
interpreted to represent times of limited tectonic subsidence, the record of high-frequency
sea level changes is recognized by the presence of thin transgressive pebble lags (Section
6.4.3). These lags provide evidence of shallowing or subaerial emergence. For example,
in the Hasler Creek area, 4 pebble lags are present in the WB-WC interval (e.g. in the
TRF 81-108 core, Fig. 7.8 in pocket). These pebble beds were termed “grit beds” and
described on Dokie Ridge by Stott (1968) and in Hasler Creek by Stelck and Koke
(1987). It is inferred that these coarse/pebbly beds (facies 9 and 11) from the WA –WB
interval were deposited during repeated FSST and LST and then reworked by the
subsequent transgression. Some of these pebble beds are associated with regional
transgressive surfaces (e.g. WE1 and WE2) that are continuous and in phase from the
foredeep to the forebulge region (e.g. Fig. 7.8 in pocket and Fig. 5 in Roca et al. 2008),
and therefore eustasy is interpreted to have been the primary driving mechanism of these
sea level changes.
In the units with thick wedge-like geometries (units WD, FA, FB), which were
interpreted to have been deposited at times of more rapid subsidence, evidence of higher
frequency sea level changes has a different character. The FSST is recorded by
progradation of thick tongues of shoreface sandstone, typically sharp-based SCS in the
west in units WD, FA and FB. In the west, in the foredeep, unit FA and allomember FBa
of the Fish Scales alloformation contain nine sharp-based shoreface sandbodies (~8-15 m
thick) that can be traced for between 5-25 kilometres into the basin (e.g. Fig. 6.31). Sea
level fall, necessary to produce these sharp-based sandstones, was interpreted to have
been between 8 and 15 metres (Section 6.4.2) during a period of eustatic sea level fall
that, for a period of time, exceeded the subsidence rate, which resulted in forced
regression of the shoreline. Due to accommodation loss (relative sea level fall) in areas of
slower subsidence further to the east, waves eroded the sea floor, and thus a sharp erosive
basal

contact

was

Figs. 6.30 and 6.31).

produced

(e.g.

Plint

1991,

Varban

and

Plint

2008b,
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9.2.2 The duration and causes of sea level changes
Based on the chronostratigraphic chart constructed by Roca et al. (2008) for the
lower Colorado allogroup (Fig. 4.4) the Upper Viking, Westgate and Fish Scales
alloformations span approximately 2.7 Myr. At least 16 allomembers were detectible on a
regional scale (Figs. 9.11 and 7.1) which have an average duration of ~170 k.y. per
sequence. The span of unit WD and the Fish Scales alloformation is approximately 1 Myr
based on the chronostratigraphic chart constructed by Roca et al. (2008). The presence of
eight major eustatic sea level falls in unit WD and the Fish Scales alloformation (Fig.
9.11), with an interpreted amplitude of 10-20 m, implies that on average, sea-level
changes took place on a timescale of ~125 kyr (Fig. 9.11).
Glacioeustasy is the only mechanism that provides an explanation of sea level
changes of more than 5 m over time periods of < 250 kyr. (Miller et al. 2003; Haq and
Al-Qahtani 2005; Koch and Brenner 2009; Fig. 9.13). In the Cretaceous, which
conventionally is thought to have been a ‘greenhouse world”, the only direct evidence of
glaciers is provided by a 2 metre thick tillite from the Early Cretaceous of Australia
(Alley and Frakes 2003). However, this glacial deposit was interpreted to have been
deposited by mountain glaciers that would have been too small to explain sea level
changes on the order of 20-30 m. Although, there is no direct evidence of a continentalscale glaciation, the scale and rapidity of sea level changes inferred from Cretaceous
rocks has generally been attributed to glacioeustasy (e.g. Plint 1991; Stoll and Schrag
1996; Miller et al. 2003, 2004, 2011; Plint and Kreitner 2007). Abreu et al. (1998)
demonstrated that oxygen isotope changes positively correlate with sea level changes,
which in turn supports the contention that a continental ice cap was present in the
Cretaceous, starting at least in the Aptian. In the Cretaceous, only Antarctica was large
enough to accommodate a continental ice-sheet (e.g. Hay 2008) with glaciated areas
restricted to the interior of the east Antarctic craton (e.g. Price 1999; Gale et al. 2002,
DeConto and Pollard 2003). Climate changes, driven by Milancovich cycles, may have
affected these glaciers strongly enough to produce short-term and high-frequency sea
level fluctuations sufficient to explain the relative rapid sea level changes observed in the
Cretaceous.
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Figure 9.13 Amplitude and the duration of sea level changes inferred from in the Upper
Viking, Westgate and Fish Scales alloformations plotted on a diagram summarizing
various mechanisms of eustatic change of sea level (after Miller et al. 2011).
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9.3 Paleogeographic evolution of the Upper Viking, Westgate and Fish Scales
Alloformations
9.3.1 Introduction and Method
Within each allomember, facies units, determined on the basis of gamma ray log
character, as well as core and outcrop control, allowed paleogeographic maps and broad
shoreline trends to be mapped. Maps of highly radioactive mudstone, and of 'clean' and
'muddy' sandstone (Chapter 8) were used to construct paleogeographic maps (Figs. 9.159.18).
Tectonic and eustatic events strongly influenced the development and
reorganisation of paleogeography (Sections 9.1 and 9.2). As demonstrated in Section
9.1.2, the magnitude, and inferred rate of subsidence, had the most important influence on
shoreline position and the stacking pattern of rock units. Therefore, in this section, the
paleogeographic evolution of the Upper Viking, Westgate and Fish Scales alloformations
will be described in terms of intervals that were deposited during a time of high
subsidence (during active thrust sheet advance) and during a time of subdued subsidence.
Paleogeographic maps are assembled into 3 groups: 1) rapid subsidence (Viking
allomember VD and Westgate allomember WA), followed by 2) subdued subsidence
(Westgate allomembers WB and WC), and 3) rapid subsidence (Westgate allomember
WD and the Fish Scales alloformation).

9.3.2 Paleogeography of Viking allomember VD and Westgate allomember WA
Allomembers VD and WA have a thick, wedge-shape, which was interpreted to
record a rapid phase of thrust sheet advance which caused prominent subsidence in the
foredeep (Chapter 9.1.1, Figs. 8.4, 8.6, 9.1 and 9.2).
9.3.2.1 Viking allomember VD
Viking allomember VD was defined by Roca et al. (2008) as the rock package
between regional discontinuities VE3 and VE4. The VE3 surface represents a major
subaerial unconformity in the Foothills and Plains of west-central Alberta (Roca 2007).
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Paleovalleys cut down into underlying strata and are filled with Viking allomember VC
(Boreen and Walker 1992; Roca et al. 2008).
The paleogeographic map of the Paddy alloformation in Figure 9.14 is included
because it shows the paleogeography before the onset of the Mowry transgression above
the VE3 surface. In the present study area, the VE3 surface is overlain by a pebble lag
south of Township 80, the pebble lag is known from Mt. Belcourt, Deadhorse Meadow,
Quintette Mine, Dokie Ridge, the TRF 81-108 core, and from outcrop at the Suncor
access road described by Buckley (2011). The pebble lag is typically 1-50 cm thick and
may be molded into gravel ripples. The pebble lag on the VE3 surface is interpreted to
represent FSST and LST deposits that were reworked by waves during transgression of
the Mowry Sea. Therefore, the presence of the pebble lag in the area south of township
80 provides evidence of subaerial emergence. North of township 80, the VE3 surface is
not obviously erosive and the pebble lag is absent, and it is therefore inferred that this
area was not emergent.
Koke and Stelck (1985), Schröder-Adams and Pedersen (2003), and Webb et al.
(2005) reported in the Buckinghorse Formation in the north (the Sikanni River area)
foraminiferal faunas that are contemporaneous with the Viking and Joli Fou Formations
that exist in the Foothills and Plains of west-central Alberta. The extension of
allostratigraphic correlations from the E-E’ line from the study of Buckley (2011) using
the A-A’ and 1-1’ lines from this study (Fig. 7.3 and 7.14 in pocket) document the
presence of rocks equivalent to the Paddy alloformation in the Buckinghorse Formation
in the north (e.g. 58 m of strata between the basal Paddy surface PE0 and VE3 in the well
C-54-B-94-G-7). However, there is no proof that the Paddy alloformation in the north is
equivalent to the Joli Fou alloformation and Viking units VA and VB, in fact correlations
by Roca et al. (2008) suggest that only the very top part of the Paddy alloformation is
equivalent to the lowest part of the Joli Fou alloformation, so there is still an unsolved
problem accounting for where the Joli Fou alloformation and Viking units VA and VB
are in the north. At this point, the problem is difficult to address because the foraminiferal
faunas are of long range and do not allow precise correlation. Therefore, detailed
relationships between allostratigraphic correlations and the Sikanni River sections are
necessary to find out where the missing material is. In the south, in the Foothills and
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Plains of west-central Alberta, all the lower Albian, represented by the Joli Fou and
Viking VA, VB are missing at the VE3 surface (Roca et al. 2008, Fig. 1.1), so must have
been emergent and received no sediment for about 1 Myr. (inferred from the
chronostratigraphic plot of the Lower Colorado Group from Roca et al. 2008 presented
on Fig. 4.4).
North of township 80, the VE3 forms a major regional flooding surface as seen
for example in Lynx Creek where radioactive marine mudstone (facies 1) overlies HCS
sandstone (facies 5). The gamma ray log signature of the flooding surface becomes
progressively weaker to the north, because in this part of the basin, the facies succession
is dominated by facies 1 and 2, and therefore the flooding surface is marked only by a
subtle deflection in the gamma ray and resistivity logs (e.g. Figs. 7.16 and 7.17). To the
northeast, the mudstone overlying the VE3 surface becomes gradually more radioactive
(Fig. 9.15). This change is accompanied by thinning of allomember VD in the same
direction (Fig. 8.4). It is inferred that in the study area, deposition of the radioactive
mudstone in the lower portion of Viking allomember VD (Fig. 8.5) was the result of
deposition during a phase of clastic starvation due to rapid subsidence in the west (Fig.
8.4). In the east this radioactive mudstone was interpreted by Leckie et al. (1988b) as a
shallow water condensed section on the basis of the stratigraphic position (between nonmarine and shallow marine sediment), high gamma ray readings, high organic matter
content, lack of benthic foraminifera and an inferred slow sedimentation rate.
In the upper portion of Viking allomember VD (Fig. 9.15), shallowing is
expressed by a very subtle facies change and a gradational sandier-up succession capped
by the VE4 surface. The ‘muddy sandstone’ isopach map shows that sand is concentrated
in the southwest suggesting that the source was in the Hasler Creek – Dokie Ridge area
(Fig. 8.5). In the southwestern part of the study area, the upper portion of Viking
allomember VD records a gradual change from facies 2 to facies 5 (e.g. mid- shelf
mudstone grading-up to HCS sandstone in the Hasler Creek area, Fig. 7.8 in pocket).
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Figure 9.14 Paleogeographic reconstruction of the Paddy alloformation from Buckley
(2011) illustrating paleogeography prior to start of the Mowry transgression. The
regressive limit of Paddy shoreface represents the shoreline position in the VE3 time.
Note that in British Columbia (west of 120°W) the area to the south of township 80 was
emergent with a broad zone of lagoonal environments. The present study area is to the
west of 120°W.
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Figure 9.15 Paleogeographic map of the upper part Viking allomember VD.
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9.3.2.1 Westgate unit WA
At the end of VD time, a gravel shoreface was present in the Deadhorse Meadow
area (Fig. 7.13 in pocket). The entire northern part the study area (north of Township 80)
was dominated by mid- and distal shelf mudstone, and shallowing is expressed by very
subtle facies change (e.g. facies 1 grading-up to facies 2: as seen in the Lynx Creek
section, Fig. 9.15).
In the Foothills of west-central Alberta, surface VE4 was interpreted by Roca et
al. (2008) to record a major sea level fall that resulted in a subaerial unconformity with
valley incision. This subaerial unconformity was subsequently blanketed by the
mudstone-dominated Westgate alloformation that was deposited during transgression of
the Mowry Sea towards the south. In the present study area, surface VE4 is a gravelly
ravinement surface in the Deadhorse Meadow section and is interpreted to indicate that
the area in the south was emergent (Fig. 9.15). To the north VE4 forms a major regional
flooding surface that caps a sandier-up succession. The lack of a pebble lag to the north
of Deadhorse Meadow section suggests that this area was not emergent.
Westgate unit WA has a thick wedge-shaped geometry and is interpreted to
represent flexural subsidence in response to a nearby load to the West (Section 9.1.1;
Figs. 8.6 and 9.2). Paleogeographic maps of the component allomembers of Westgate
unit WA show that most of the study area was a mudstone-dominated, shallow marine
ramp environment with some muddy offshore sandstone in the west (Fig. 9.16). Offshore
muddy sandstone in allomember WAa in the northwest is the equivalent of the Bougie
Member of the Buckinghorse Formation (Schröder-Adams and Pedersen 2003,
Figs. 3.6 and 9.16).
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Figure 9.16 Paleogeography of Westgate unit WA represented by four allomembers:
WAa, WAb, WAc and WAd.
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9.3.3 Paleogeography of Westgate alloformation, units WB and WC
In the study area, the tops of informal units WA, WB and WC are defined by
regional erosion surfaces WE1, WE2 and WE3. The internal architecture of units WB
and WC shows no evidence of onlap or erosional truncation, such as is seen in the south
(e.g. Roca et al. 2008). Erosion surfaces WE1, WE2, WE3 and FE1 are not as prominent
as VE3 or VE4 and show no evidence for valley incision, although commonly these
surfaces do have chert pebble lags (e.g. Fig. 7.8 in pocket). These lags provide evidence
of subaerial emergence (e.g. Fig. 6.35), and the probable influence of high-frequency
eustatic sea level changes (Section 9.2.2).
Westgate units WB and WC have a thin wedge-shaped geometry (Figs. 8.11 and
8.15), and hence were interpreted to represent more subdued tectonic activity (Section
9.1.1). Paleogeographic maps of Westgate units WB and WC show that most of the study
area was a mudstone-dominated shallow marine ramp environment (Fig. 9.17).
Sediments were delivered to the ramp by storms and WESGF, and sand supply was
restricted to the southwestern part of the study area, with the exception of allomember
WBa which contains offshore muddy sandstone (based entirely on log interpretation) in
the northeast that implies that sediment was supplied from north or northeast. This is the
only time for the studied interval when sediments were delivered from that direction;
sand probably was delivered from a shoreline in the north or northeast.
The lack of sand in units WB and WC was discussed in Section 9.1.2, and was
due to low subsidence rate and low preservation potential of shoreface sandstones.
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Figure 9.17 Paleogeography of Westgate allomembers WBa, WBb, and WBc and unit
WC.
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9.3.4 Paleogeography of Westgate alloformation unit WD, and Fish Scales units FA
and FB
9.3.4.1 Overall paleogeography

The strata of Westgate unit WD and Fish Scales units FA and FB contain
sandstone bodies of the lithostratigraphic Goodrich and Sikanni formations in the western
part of the study area. To the east, all Goodrich and Sikanni sandstones pass laterally into
mudstone (the lithostratigraphic Shaftesbury Formation) over about 70 km (Fig. 9.8). The
strata of units WD, FA and FB and forms a thick wedge (Figs. 8.16, 8.21 and 8.26), and
were interpreted to record the second phase of active thrust sheet loading in the west, that
resulted in rapid flexural subsidence (Section 9.1.1).
Within Westgate unit WD and Fish Scales units FA and FBa, eight major
sandstone tongues, capped by flooding surfaces, can be recognized in the west (Fig. 9.8).
These sandstones were interpreted to have been deposited during a succession of highfrequency eustatic sea level falls (on a scale of ~170-125 ky: see section 9.2.2 for detailed
discussion). The abundance of wave-influenced structures (e.g. SCS, HCS, wave and
current ripples) suggest strong wave-reworking of sediment and a shallow marine ramp
environment (Fig. 6.29). The muddy portion of the shelf is interpreted to have been a
storm-influenced ramp on which sedimentation was dominated by deposition from
WESGF. The distribution of sandstone (Figs. 8.18, 8.20, 8.23, 8.25, and 8.28b) suggests
that sand was delivered from the west and southwest. The pronounced wedge-shaped
geometry (Figs. 8.16, 8.21 and 8.26) and vertical stacking of sandstone bodies in the west
(e.g. Dokie Ridge section, Figs. 9.8, 9.18 and 7.8 in pocket) suggest that units WD, FA
and FB were deposited at a time of rapid subsidence. The progradation of individual
sandstone tongues suggests that each sandstone tongue was deposited during a phase of
slower relative sea level rise (or even relative sea-level fall), perhaps linked to periods of
eustatic fall (see discussion in Section 9.2). Lateral facies change is dramatic, and the
progradional limit of inner-shelf sandstone (rippled heterolithic facies) never extends
more than ~60-70 km seaward of the paleoshoreline (Fig. 9.8).
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9.3.4.2 Paleographic evolution of units WD, FA and FB

Units WD and FA were deposited during a major relative sea level fall marked
by two major regressive surfaces of marine erosion: the WE3 surface at the base of unit
WD, and the FE1 surface at the base of unit FA (cf. Section 9.2, Fig. 9.11). The WE3
surface marks the onset of paleogeographic reorganisation and the initiation of rapid
subsidence in the west (Fig. 8.16). The erosion surface WE3 indicates regional
shallowing that is marked by a conglomerate at the base of the Goodrich Formation in the
Hasler Creek area (Fig. 7.8 in pocket). Elsewhere, in well logs, the WE3 surface can be
recognized by a distinctive sharp deflection on the resistivity log which is interpreted to
mark a major regressive surface of marine erosion. Units above the WE3 surface are
much sandier compared to Westgate units WA-WC. In allomember WDa in the Dokie
Ridge section and in the Hasler Creek area, two major sea level falls, that are interpreted
to record subaerial emergence, are evident from two surfaces with gravelly LST/TST
deposit (Figs. 6.39 and 7.8 in pocket). In allomember WDa a coastal plain succession
started to aggrade in the Mt. Belcourt area, and this aggradation continued through WDb
and FA time (Figs. 6.38 and 9.18).
The FE1 surface was first described and interpreted by Roca et al. (2008) as
evidence for a major sea level fall, which is observed across the whole basin. In the study
area, rapid shallowing is expressed by a sharp-based shoreface sandstone that prograded
about 25 km to the east (Figs. 6.13 and Fig. 7.3 in pocket), elsewhere the FE1 surface is
defined at the sharp basal contact between unit WD and FA (e.g. Figs. 7.3-7.11 in
pocket). For the entire duration of unit FA, coastal plain aggradation continued in the
southwestern part of the study area (the Mt. Belcourt area; Figs. 6.38 and 9.18) with the
marine transgressive limit being located between Mt. Belcourt and the c-12-L/93-I9 well
to the east (Fig. 6.38).
The top of unit FA is defined by the BFSM marker. The BFSM marker is
interpreted to record a major relative sea level fall and development of a sequence
boundary (Fig. 9.11). This relative sea-level fall is interpreted to correspond with 20 m
deep valley incision observed in the Hasler Forestry road section (Fig. 6.20). At BFSM
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time, the shelf was emergent for at least 130 km to the east, as indicated by a LST/TST
chert pebble lag (e.g. FAb map in Fig. 9.18; Fig. 7.6 in pocket).
Unit FB was deposited during the Greenhorn Sea transgression (Kauffman and
Caldwell 1993, Section 9.2, Fig. 9.11) during a phase of rapid subsidence in the west
(Fig. 8.26). The marine transgressive limit is only preserved for the lower part of unit
FBa (between the BFSM and FB1 surfaces) between Dokie Ridge and sections and well
logs in the Hasler Creek area (Figs. 6.39 and Fig. 7.8 in pocket).
Within the lower portion of the Fish Scales allomember FBa (Figs. 5.19 and
7.18), because sediments were trapped in the west due to rapid subsidence, the distal
shelf remained sediment-starved and radioactive mudstone was deposited (Fig. 8.28a).
Sandstone in the upper portion of allomember FBa marks the maximum extent of
shoreline progradation in unit FB (Fig. 9.18 and 8.28b). The following transgression
marks the continuation of relative sea level rise observed in unit FB (Fig. 9.11). As a
result of relative sea-level rise, shoreface environments in allomembers FBb and FBc
were limited to a narrow zone which is represented only in the Dokie Ridge section
(allomember FBb, Fig. 9.18) and in the northwestern corner of the study area
(allomember FBc, Fig. 9.18). The transition from shoreface sandstone to offshore
mudstone takes place over a short distance, and in the east allomembers FBb and FBc are
mudstone-dominated (mid- and distal shelf deposits). This mudstone-dominated interval
is interpreted to record further transgression of the Greenhorn Sea that continued up to
the FSU surface. The FSU surface is interpreted to represent a maximum flooding surface
(e.g. Plint et al. 2009).

(Next 2 pages)
Figure 9.18 Paleogeography of Westgate unit WD and Fish Scales alloformations FA
and FB (~Goodrich and Sikanni formations).
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(Figure 9.18 continued)
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9.4 Summary of paleocurrent data and interpretation
Paleocurrent data were collected from outcrop and is presented in Figures 9.199.22. Additional data from Hay (2003) was used for paleocurrent interpretations (Fig.
9.23).The data were grouped based on stratigraphic position and facies assemblages.
Measurements include paleoflow direction from trough cross bedding and combined-flow
ripples, and the trend of wave/combined-flow ripple crests, gutter casts and basal scours.
Paleocurrent data and interpretations are summarized in Figure 9.24.

Coastal plain and near-shore facies
Paleocurrent data from coastal plain facies are very sparse. Available data
indicates that river paleoflow direction was between north and east in the Mt. Belcourt
region (allomembers FAa and FAb, Fig. 9.21) and between east and southeast in the
Dokie Ridge region (allomember FBa, Fig. 9.21).
Paleoflow directions measured in trough cross bedded sandstone from surf and
beach zone deposits (facies 7), indicate a shore-parallel trend, with net transport direction
towards both NW and SE (Fig. 9.21). These directions indicate strong along-shore
currents, interpreted to represent bidirectional transport direction in shore-parallel troughs
between longshore bars (e.g. Wright and Short 1984).

LST-TST facies
Varban and Plint (2008b) inferred that gravel ripple crests typically have a shoreparallel orientation. Therefore, the NW-SE orientation of gravel ripple crests within
lowstand and transgressive coarse-grained facies (facies association C) could be
interpreted as an indication of the shoreline trend. The dip direction of gravel and coarse
sandstone cross-bedding indicates net transport direction between southwest and east
(Figs. 9.20 and 9.24). In these near shore settings, this direction can be explained by 1)
landward transport of gravel by oscillatory flows generated by waves during fair weather
(transport toward the SW, e.g. Hart and Plint, 1989), 2) alongshore transport by currents
flowing in troughs between gravel bars (transport between S and SE direction) and 3)
offshore transport of gravel by rip currents (transport towards the E).
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In Westgate units WA-WC, paleocurrent observations are from heterolithic facies
(mostly facies 3). The overall trend of the shoreline in units WA-WC is interpreted to
have been NW-SE (Figs. 9.19 and 9.24). The orientation of wave ripple crests is very
consistent and indicates storm winds from between NE and ESE. This direction is
consistent with the direction of storm wind predicted by the models of Ericksen and
Slingerland (1990) and Slingerland and Keen (1999) to result from winter anticyclonic
storms in the Cretaceous Western Interior Seaway. Combined-flow ripples indicate
transport along the shelf (towards the SE). Therefore, the net transport direction is
interpreted to have been predominantly controlled by geostrophic flows. Gutter casts are
oriented mostly NW-SE. This orientation is shore-parallel and perpendicular to
oscillatory wave motion. Therefore, gutter cast orientation is interpreted to reflect
alongshore transport direction driven by geostrophic flow (Fig. 5.3). Geostrophic flows
with shore-oblique unidirectional flow were predicted by models of Myrow and Southard
(1996), and documented from the Kaskapau Formation by Varban and Plint (2008b).

Offshore facies
In unit FB of the Fish Scales alloformation, the overall shoreline trend was
approximately NW-SE (Fig. 9.18). The paleocurrent data are from offshore facies (facies
2). Wave ripple crests trend shore-parallel (NW-SE) and combined-flow ripples indicates
flow offshore to shore-parallel towards south (Figs. 9.22 and 9.24), which is interpreted
to indicate geostrophic transport driven by storm winds from the northeast and east
(Fig. 9.24).
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Figure 9.19 Summary of paleocurrent data for Westgate units WA-WC. Gutter casts
were measured in offshore heterolithic facies.
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Figure 9.20 Summary of paleocurrent data for the LST-TST deposits (Facies 9) in
Westgate allomember WDa.
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Figure 9.21 Summary of paleocurrent data for coastal plain, shoreface and heterolithic
facies in Fish Scales allomembers FAa, FAb and FBa.
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Figure 9.22 Summary of paleocurrent data for offshore muddy sandstones in Fish Scales
allomember FB.
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Figure 9.23 Summary of paleocurrent data from the Shaftesbury Formation modified
from Hay (2003).
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Figure 9.24 Summary of paleocurrent data from different portions of shelf with
interpreted direction of wave approach during storm (green). It is inferred that net
transport direction of sand on the shelf was controlled by geostrophic flow (flow
direction in red) and, in the nearshore zone, by longshore currents (inferred direction is in
orange).
Facies abbreviations: F2 – Facies 2: Dark, laminated to bioturbated silty mudstone (Mid
shelf), F3 – Facies 3: Heterolitic, thinly bedded sandstone and mudstone (Stressed inner
shelf), F7 – Facies 7: cross-stratified sandstone (Surf and beach zone), F9 – Facies 9:
pebbly sandstone and conglomerate (Gravelly shoreface).

329
CHAPTER 10 - CONCLUSIONS
10.1 Conclusions
This chapter summarizes the key objectives and specific aims of this thesis, which were
addressed earlier in Chapter 1.
1. The regional allostratigraphic correlations of the uppermost Viking (VD),
Westgate and Fish Scales alloformations were extended westward from the study
areas of Zhang (2006) and Roca (2007) in order to create a regional
allostratigraphic framework of the studied interval in northeastern British
Columbia between township 62 and 90. The study interval has a wedge-shaped
geometry, and is ~780 m thick in the west and thins dramatically to ~280 metres
over a distance of ~170 km. Rapid facies changes caused problems in
lithostratigraphic terminology and these lithostratigraphic units are strongly
diachronous. Therefore, the present study subdivided the Upper Fort St. John
Group into 16 genetically-related allomembers. Subsurface correlations were
based on 23 working cross-sections, which collectively incorporated 435 wire line
well logs and 23 sections. The stratigraphic surfaces in the studied interval are of
regional extent, and can be correlated for between 300-1000 km. Almost all
flooding surfaces, with the exception of two surfaces that lap out, can be traced
throughout the study area (50 000 km2).
2. Due to thickening of units toward the west, a further subdivision of the Westgate
alloformation, with the introduction of unit WD, was necessary. In the proximal
sections in the Chetwynd area, an erosional surface WE3 was identified. Surface
WE3 splits unit WC of Roca et al. (2008) into unit WC between surfaces WE2
and WE3 and unit WD between surfaces WE3 and FE1.
3. Overall allomembers show subtly convergent stratigraphic surfaces, and there is a
lack of clear downlap, no recognizable rollover point, nor evidence of clinoform
geometry (as seen, for example, in the Dunvegan Formation), implying that the
basin had an extremely low-gradient topography, that there was no shelf slope
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break, and that water depth was probably no more than a few tens of metres for
hundreds of kilometres offshore. The sedimentological and stratigraphic evidence,
indicates that the proximal foredeep was occupied by a shallow, low-gradient,
storm-dominated ramp.
4. Based on lithology, grain-size, sedimentary structures and bioturbation, fifteen
sedimentary facies were defined. These facies represent shallow marine shelf to
shoreline environments, non-marine and tidally-influenced environments. Fifteen
facies were grouped into larger associations according to the definition of a
depositional systems tract: 1) ‘normal’ gradational-based, regressive shoreface
facies association (HST/LST), 2) sharp-based shoreface facies association
(FSST), 3) coarse-grained/conglomeratic facies association (LST-TST) 4)
marginal marine facies association (TST), and 5) coastal plain facies association
(high-accommodation, vertically-aggrading alluvial plain, equivalent to marine
TST and HST).
5. Based on observations of mud microstructure in thin sections within the muddominated facies, 7 microfacies were identified and grouped into four microfacies
associations. Thin-section observation of oriented samples of offshore mudstone
revealed a wealth of micro-scale sedimentary structures that provide evidence of
vigorous, storm-related scouring and re-suspension of sediment on the sea floor,
at distances of at least 50-90 km from shore. Sharp-based graded beds of silt and
clay, wave-formed ripples, micro-gutter casts all indicate advective transport of
muddy sediment by combined flows in water that was probably significantly less
than 70 m deep. Clay particles were packaged into silt-sized aggregate grains that
probably reflect repeated cycles of burial, chemical and biological aggregation,
and re-erosion by storms. The regional correlations and outcrop data combined
with observations of Zhang (2006) show that mud was transported for at least 350
km to the east. Mudstone deposition on the distal shelf was interpreted to have
been from wave-enhanced sediment gravity flows (WESGF). Four microfacies
associations were interpreted to represent: 1) a proximal WESGF, 2) distal
WESGF, 3) the most distal WEGFS and 4) condensed sections.
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6. The stratal geometry of the Upper Viking, Westgate and Fish Scales
alloformations can be interpreted to be the result of two pulses of flexural
subsidence (recorded by units VD and WA, and units WD, FA and FB) separated
by a period of more subdued subsidence (units WB and FC). Viking allomember
VD and Westgate unit WA have a thick wedge-shaped geometry and were
interpreted to represent flexural subsidence in response to a nearby load to the
West. The paleogeography of Viking allomember VD and Westgate unit WA was
dominated by a mudstone-rich, shallow marine ramp environment with some
muddy offshore sandstone in the west. Westgate units WB and WC have a thin
wedge-shaped geometry, and hence were interpreted to represent more subdued
tectonic activity. Paleogeographic maps of Westgate units WB and WC show that
most of the study area was a mudstone-dominated shallow marine ramp
environment. Sediments were delivered to the ramp by storms and WESGF, and
sand supply was restricted to the southwestern part of the study area. Erosion
surfaces WE1, WE2, and WE3 commonly have chert pebble lags. These lags
provide evidence of shallowing or subaerial emergence, and the influence of highfrequency sea level changes. The strata of units WD, FA and FB and forms a
thick wedge, and were interpreted to record the second phase of active thrust sheet
loading in the west, that resulted in rapid flexural subsidence. Within Westgate
unit WD and Fish Scales units FA and FBa, eight major sandstone tongues,
capped by flooding surfaces, can be recognized in the west.
7. The strata of Westgate unit WD and Fish Scales units FA and FB contain
sandstone bodies of the lithostratigraphic Goodrich and Sikanni formations in the
western part of the study area. Paleogeographic reconstruction of the
Goodrich/Sikanni ‘delta’ was made possible by mapping several time slices to
show the evolution of successive delta complexes. To the east, all eight major
tongues of the Goodrich and Sikanni sandstones pass laterally into mudstone (the
lithostratigraphic Shaftesbury Formation) over about 70 km. The abundance of
wave-influenced structures (e.g. SCS, HCS, wave and current ripples) suggest
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strong wave-reworking of sediment on a shallow marine ramp. The muddy
portion of the shelf is interpreted to have been dominated by deposition from
WESGF; along shelf transport was controlled by geostrophic flows towards the
southeast. The distribution of sandstone suggests that sand was delivered from the
west and southwest.
8. Sand isolith maps of Westgate unit WD and Fish Scales units FA and FB show a
very close relationship to the subsidence pattern visible in isopach maps and show
that sand was trapped in updip flexural depocentres. The strong correlation
between the degree of subsidence and the trapping of sand is clearly visible
during a rapid shift (across a single flooding surface) of the position of the
depocentre between allomembers WDa and WDb, which is accompanied by an
immediate shift in the depocentre of sand. This correlation explains the vertical
stacking pattern of sandstone bodies in the west. The progradation of individual
sandstone tongues suggests that each tongue was deposited during a phase of
slower relative sea level rise (or even relative sea-level fall), perhaps linked to a
period of eustatic fall. The progradional limit of inner-shelf sandstone (rippled
heterolithic facies) never extends more than ~60-70 km seaward of the
paleoshoreline. These sandstones were interpreted to have been deposited during
a succession of high-frequency eustatic sea level falls (on a scale
of ~170-125 k.y.).
9. The highly radioactive interval above BFSM within the lower portion of Fish
Scales allomember FBa is interpreted to reflect clastic starvation of the distal shelf
due to sediment trapping in the rapidly-subsiding proximal foredeep. The
radioactive mudstone in the northeast of the study area in the lower portion of
Viking allomember VD is interpreted in a similar manner.
10. A chert-pebble veneered erosion surface lies on the BFSM erosion surface and
represents the most prominent sea level fall and sequence boundary (with valley
incision in the Hasler Creek area), close to the Albian-Cenomanian boundary. At
BFSM time, the shelf was emergent for at least 130 km to the east of the B.C.
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Foothills, as indicated by a LST/TST chert pebble lag. The magnitude and extent
of sea level fall suggests that this event was primarily of eustatic origin. Simple
calculations suggest that the sea-level fall was between 22-52 m, which is
consistent with interpretations from studies from other locations around the world
that have documented a large sea level fall (in the order of 25-50 m)
close the Albian-Cenomanian boundary.
11. The stacking pattern of regressive-transgressive successions reveals the interplay
of eustatic fluctuations during a period of high, but variable rate of tectonic
subsidence. Thin (typically 3-10 m thick), transgressive-regressive sequences that
are continuous and in phase from the foredeep to the forebulge region support the
interpretation of eustatic control on sea level change. The Lower Colorado
allogroup span approximately 2.7 Myr. At least 16 major allomembers were
detectible on a regional scale which indicates 125-170 kyr. per sequence, with
evidence of eustatic sea level falls of 10-20 m. Glacioeustasy is the only known
mechanism that provides an explanation of sea level changes of more than 5 m
over time periods of < 250 kyr.

10.2 Suggestions for future work
The following suggestions for future work are proposed:
1. The completeness of the expanded clastic successions of the uppermost Viking,
Westgate and Fish Scales alloformations have provided a basis for developing a
carbon-isotope stratigraphy of the late Albian – early Cenomanian transition (in
collaboration with D. Gröcke, University of Durham). It is hoped that the carbonisotope stratigraphy will allow high-resolution correlation with coeval successions
in Europe (e.g. Jarvis et al. 2006, 2011; Gale et al. 2011) to further investigate the
possibility of orbital forcing on both sea-level change and oceanic productivity.
2. To improve chronostratigraphy of the uppermost Viking, Westgate and Fish
Scales alloformations using bentonite geochronology (in collaboration with S.

334
Kamo, University of Toronto, and B. Singer, University of Wisconsin). Absolute
dates would give better control on the span of tectonic and eustatic events
observed within studied interval and elsewhere in the world.
3. Establish an inoceramid biostratigraphy of the uppermost Viking, Westgate and
Fish Scales alloformations using material collected during the field work, and to
use this biostratigraphy for high-resolution correlations with coeval successions
elsewhere in the world (in collaboration with I. Walaszczyk, University of
Warsaw, Poland). This work will allow to make
4. Relate existing ammonite and foraminiferal zones (which tend to be poorly linked
to physical stratigraphic sections), and chronostratigraphy to the allostratigraphic
framework, thereby making the biostratigraphic zones more useful.
5. Extend the allostratigraphic correlations to the north of township 90 and to the
Sikanni River sections in order see a ‘bigger’ picture of the subsidence pattern,
paleogeography and sea level changes history of the uppermost Viking, Westgate
and Fish Scales alloformations.
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APPENDICES
Apendix A - Location of outcrop sections.
Outcrop
TRF81-108 core
Hasler Forestry road
Boulder Creek
Pine River
Mt. Belcourt
Hasler Creek
Halfway River 2
Halfway River 1
Peace River (2 km west from Halfway River)
1 creek west from Halfway
Farrell Creek
Lynx Creek
Halfway River by the bridge on HWY 29
Bear Flat
Wilder Creek
Tea Creek
Grand Haven
Septimus Creek
M-20 Creek
Murray River
Quintette Mine
Deadhorse Meadows

Latitude
55.50694
55.546795
55.627318
55.9281683
54.415334
55.561481
56.2573453
56.227417
56.195367
56.182406
56.19035
56.080849
56.2190186
56.255772
56.238151
56.2347284
56.2273455
56.1147323
55.0344786
55.0034104
54.9398274
54.1487378

Longitude
-121.93889
-121.987238
-121.977081
-121.2376571
-120.452921
-121.9633985
-121.6157842
-121.4851
-121.502856
-121.53971
-121.672382
-121.907043
-121.4398098
-121.1629593
-121.0757732
-120.9887409
-120.9531856
-120.7607532
-121.0788158
-121.0329223
-120.9896672
-119.8811388
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